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(54) ntle: E-VOLVING NEW MOLECULAR FUNCTION 



(57) Abstract: Nature evolves biological molecules such as proteins through iterated rounds of diversification, selection, and ainpli- 
fication. The power of Nature and the flexibility of 'organic synthesis are combined in nucleic acid-lemplated synthesis. The present 
invention provides a variely-of template architectures for performing nucleic acid-templated synthesis, methods for increasing the 
selectivity of nucleic acid -tern plated reactions, methods for performing stereoselective nucleic acid-templated reactions, methods of 
selecting for reaction products resulting from nucleic acid-templated synthesis, and methods of identifying new chemical reactions 
based on nucleic acid-templated synthesis. 
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Evolving New Molecular Function 
Priority BsFORMATiON 

[0001 1 This application claims the benefit of (i).U.S. Provisional Patent Application No. 

60/404,395, filed August 19, 2002, (ii) U.S. Provisional Patent Application No. 60/419,667, filed 
Octob^ 18, ,2002, (iii) u:S. Provisional Patent Application No. 60/432,812, filed December 11,. 
2002, (iv) U.S. Prbvisional Patent Application No., $0/444,770, filed February 4, 2003, (v) U.S. 
Provisional Patent Application No. 60/457,789, filed Mar9h 26, 2003, (vi) U.S. Provisional . 
Patent Application No, 60/469,866, filed May 12, 2003^ and (vii) U.S. Provisional P^ent 
Application No. 60/479,494, filed June 18, 2t003, the disclosures of each of which are 
incorporated by reference herein. The application is also related to United States Pijovisional 
Patent Application Nos. 60/277,081 (filed March 19, 2001), 60/277,094 (filed March 19, 2001), 
60/306,691 (filed July 20, 2001), and 60/353,565 (filed February 1, 2002), as well as to United 
States Patent Application Nos. 10/101,030 (filed March 19, 2002) and 10/102,056 (filed lyiarch 
19, 2002), and to International Patent AppHcation. serial number US02/08546 (filed March 19, 
2002). 

Government Funding 

[0002] The research described in this application was sponsored, in part, by the OfSce 

for Naval Research under Contract No. N00014-00-1-0596 and Grant No. 00014-03-1-0749. 
The United States Crovemment may have certain rights in the invention. 

Background of the Invention 

[0003] The classic "chemical approach" to generating molecules with new fimctions has 

been used extensively over the last century in applications ranging fi^om drug discovery to 
synthetic methodology to materials science. In this approach, researchers synthesize or isolate 
candidate molecules, assay these candidates for desired properties, determine the structures of 
active compounds if unknown, formulate structure-activity relationships based on available assay 
and structural data, and then synthesize a new generation of molecules designed to possess 
improved properties. While combinatorial chemistry methods {see^ for example, Eliseev et aL 
(1999) Combinatorial Chemistry In Biology 243: 159-172; Kuntz et aL (1999) Current 
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OPlNlbN IN CHEMICALBIOLCX3Y 3: 313-319; Liu et al. (1999) Ai^lGEW. Chem, Intl,.Ed. Eng. 38:. 
36) have increased the throughput of tiiisapproach, its . .. 

unchanged. Several factors limit the effectiveness of the chemical approach to generating 
molecular function. First, the ability to accurately predict.the structural changes that will lead to 
new function is often inadequate due to subtle conformational rearrangements of molecules, 
unforeseen solvent interactions, or unknown stereochemical requirements oif binding 6r reaction 
events. The resulting complexity of structure-activity relationships frequently limits the success 
.tof rational ligand or catalyst design, including those efforts conducted in a high-throughput 
manner. Second, the need to assay or screen, rather than select, each member of a collection of 
candidates limits the number of molecules that can be searched in each experiment.. Finally, the 
lack of a way to ampHfy synthetic molecules places requirements on the minimxra amount of 
material that must be produced for characterization, screening, and structure elucidation. As a 
result, it can be difficult to generate Ubralies of more.than roughly 10** different synthetic 
compounds. 

[00041 In contrast, Natare generates proteins with new fxmctions using a fundamentally 

differait method that overcomes many of these limitations. In this approach, a protein with 
desiredproperties induces the survival and amplification of the information encoding that 
protein. This infoimation is diversified through spontaneous mutation and DNA recombination, 
and then translated into a new generation of candidate proteins using the ribosome. Unlike the 
linear chemical approach described above, the steps used by Nature form a cycle of molecular 
evolution. Proteins emerging from this process have been directly selected, rather than simply 
screened, for desired activities. Because the biomolecules that encode evolving proteins {e.g., 
DNA) can be ampUfied, a single protein molecule with desired activity can in theory lead to the 
survival and propagation of the DNA encoding its structure. 

[00051 Acknowledging the power and efficiency of Nature's approach, researchers have 

used molecular evolution to generate many proteins and nucleic acids with novel binding or 
catalytic properties (see, for example, MinshuU et al. (1999) CURR. Opin. Chem. BIOL. 3: 284- 
90; Schmidt-Dannert et al. (1999) TRENDS BlOTECHNOL. 17: 135-6; Wilson et al. (1999) Annu. 
REV. BIOCHEM. 68: 61 1-47). Proteins and nucleic acids evolved by researchers have 
demonstrated value as research tools, diagnostics, industrial reagents, and therapeutics, and have 
greatly expanded the understanding of the molecular interactions that endow proteins and nucleic 
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acids witii binding or catalytic properties {see^ Fanjulok et nl (1998) CURR. Opin. Chem, Biol, . 
2:320-7). ' 

[0006] .'Despite Nature's feCBcient approach ,to goaerating function. Nature's molecular 

evolution is limited to' two types of "natural" molecules (proteins and nucleic acids) because thus 
5 far the information in nucleic acids can only be translated into proteins or into other nu6Ieic 

acids. Unfortunately, ;nany synthetic molecules of interiest do not in general'have nucleic, acid or 
protein backbones. An ideal approach to gener^tm^ functional molecules merges the most, 
powerful aspects of molecular evolution with this flexftjlity of synthetic chemistry. Clearly,, 
enabling the evolution of non-natural synthetic small molecules and polymers, much as Naturje 
10 evolves biomolecules, would lead to much more effective methods of discovering new synthetic 
ligands, receptors, and catalysts difBcult or iinpps^ible to generate using rational design. 

10007] Althougji these concepts have beto brought together topennitnucleit acid- 

templated synthesis of small molecules (see, for example, CSartner & Liu (2001) Jl Am. Chem. 
Soc. 123: 6961-6963) there is still an ongoing need for improvements in these core technologies 
15 to p^mit the more efficient synthesis, selection, amplification, and evolution of molecules of 
interest. 

SlJMMARY OF THE IlVVENTlON 

[0008] The invention provides a variety of methods and compositions that expand the 

scope of template-directed synthesis, selection, amplification and evolution of molecules of 
20 interest. During nucleic acid-templated synthesis, the information encoded within a nucleic acid 
template is used to bring two or more reactauts together into reactive proximity. These methods 
permit the creation of, for example, small molecule and polymer libraries that have not been 
possible to create to date using conventional combinational chemistries. 

[0009] In one aspect, the invention provides a method of performing nucleic acid- 

25 templated synthesis using a template having an "omega" or " fl" type architecture. This type of 
template permits distance-dependent nucleic acid-templated reactions to be encoded by bases far 
removed fi-om the associated reactive unit. The method involves providing (i) a template 
comprising a first reactive unit associated with a first oligonucleotide comprising a codon and 
(ii) a transfer unit comprising a second reactive unit associated with a second oligonucleotide 
30 comprising an anti-codon that is capable of axmealing to the codon. The codon and/or the anti- 
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codoh include first and second regions spaced apart from one another. The oligonucleotides then 

are annealed together to bring the reactive units into reactive proximity. When the 

■ . ' * . . ' • • J- . • ' ' ' ' 

oligonucleotides anneal to one another, the codon (or anti-codon) with the spaced-apart tegions 

produce a loop of oligonucleotides not annealed to the corresponding anti-codon (or codon). A 

covalent bond-forming reaction then is induced between the reactive units to produce the 

reaction product. • * , ' 

[0010] In one embodiment, at least, one of the reactive units are attached adjacent a . 

'terminal Region of its corresponding oligonucleotide; In another embodiment, the codon or anti- 
codon is disposed more than one base away (for example, 10, 20, 30 bases or more) from its 
corresponding reactive unit. The first spaced apart region typically is disposed directly adjacent 
a terminus of its corresponding oligonucleotide. The first spaced apart region preferably 
includes, for example, three, four, or five nucleotides, although other embodiments (e.^., more 
than five nucleotides) are also envisioneci. The second region may be disposed, for example, at 
least twenty or at least thirty bases away from its corresponding reactive unit. More particularly, 
the end of the second region closest to the reactive unit may be disposed, for example, at least 
ten, twenty, thirty or more bases from the end of the oligonucleotide attached to its reactive imit. 
The template may include additional (e.g., 2, 3, 4, or more than 4) codons, in which case a 
corresponding number of transfer units can be annealed to the template, optionally permitting 
multi-stq) or alternative syntheses. 

[0011] In another aspect, the invention provides a method of performing a nucleic acid- 

templated synthesis using a template having a 'T" type architecture. The T architecture permits 
two nucleic acid-templated reactions to take place on a single template in a single step. The 
method involves providing (i) a template comprising a first reactive unit (e,g.^ a scaffold 
molecule) associated with a first oligonucleotide having a codon, and (ii) a transfer unit 
comprising a second reactive unit associated with a second oligonucleotide having an anti-<x)don 
capable of annealing to fee codon. The first reactive unit is attached, preferably covalently, to an 
attachment site intermediate the proximal and distal ends of the first oligonucleotide of the 
template. During synthesis, the oligonucleotides of the template and transf^ unit are annealed to 
one another to bring the reactive units into reactive proximity, and a covalent bond-forming 
reaction between the reactive units is induced. 
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[0012] In one embodiment of the T type architecture,, the template also includes a second^ 

different codon capable of annealing to a second, di&erent anti-codon sequence of a secondj 
different transfer unit. In this embodiiA^t, the first codon is located proximal to the attathment 

site and the second codon, if present, is located distal to the attachment site. If a second transfix 
unit comprising a third reactive unit associated with a third oligonucleotide having a second, 
different anti-codon sequence capable of annealing tp the second codon is provided, the second 
transfer unit may bind to the template at the second codon position. Accordingly; when the first 
'and;second transfer units are combined with the template, the first anti-codon of the first transfer 
unit anneals to the first codon of the template and the* second anti-codon of the second transfer 
unit anneals to the second codon of the template. This.system permits two reactions to occur 
simultaneously or sequentially on a single template in a single step. 

[0013] In another aspect, the invention provides a series of methods for increasing 

reaction selectivity between reactants in a templated synthesis. In one approach, the method 
comprises providing a template and at least two transfer units. The template comprises a first 
reactive unit associated with a first oligonucleotide comprising a predetermined codon sequence. 
The first transfer unit comprises a second reactive unit associated with a second oligonucleotide 
comprising an anti-codon sequence capable of aimealing to the codon sequence. The second 
transfer unit comprises a third reactive unit, different from the second reactive unit. The third 
reactive unit, however, is associated with a third oligonucleotide that lacks an anti-codon 
sequence enable of annealing to the codon sequence. The template and transfer imits are mixed 
imder conditions to permit annealing of the second oligonucleotide to the first oligonucleotide, 
thereby to enhance covalent bond formation between the second and first reactive units relative 
to covalent bond formation between the third and first reactive units. 

[0014] This method may be particularly helpful when the second and third reactive units 

are each capable of reacting independently with the first reactive unit. Furthermore, the method 
may also be helpful when the second and third reactive units are capable of reacting with one 
another, for example, to modify or inactivate one another. Accordingly, this type of method 
permits a series of otherwise incompatible reactions to occur in the same solution, for example, 
where a reaction between the second and third reactive units is incompatible with a reaction 
between the second reactive unit and the first reactive unit. The method may enhance covalent 
bond formation between the first and second reactive units by at least 2-fold, at least 5-fold, at 
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least 1 0-jfold, or at least 50-fold relative to covatentlbond fdrmation between the first and third 
reactive units. Collectively, these advantages; pennit a one-pot ordered multi-step synthesis, in ' 
which a sequence of reactions is programmed by the sequence of a template oligonucleotide. 
Thus, a , sequence of at least 2, 3, 4, 5, 6, or more reactionis can take place in an ordered manner in 
5 a single solution, eveh when the reactants would interfere with each other using conventional, 
non-templated dhemistries. , . ' . . • i - * • 

[00151 ' ^ one einbodiment, the template^ the first transfer unit, and/w the second transfer 
unit are associated with a capturabje moiety; for exapaple, biotin, avidin, oir stireptavidin. If a . 
capturable moiety is pr^ent, the method may include capturing the capturable moiety as a way 
1 0 to enrich a reaction product fi-om a reaction nuxture. . ^ 

(001 6] In another approach, the method comprises providing (i) a template comprising a 

first oligonucleotide having first and second cod6n sequences (ii) a first traro ■ , 

second transfar Unit, and (iv) a third transfer unit. The first transfer unit comprises a first 
reactive unit iassociated with a second oligonucleotide coir^rising a first anti-codon sequence 

1 5 Citable of annealing to the first codon sequence. The second transfer unit comprises a second 
reactive unit associated with a third oligonucleotide comprising a second anti-codon sequence 
capable of annealing to the second codon sequence. The third transfer unit comprises a third 
reactive unit associated with a fourth oligonucleotide sequence that lacks an anti-codon sequence 
enable of annealing to the first or second codon sequences. The template, first transfer unit, 

20 second transfer unit, and third transfer unit then are mixed under conditions to permit (i) 

annealing of the first anti-codon sequence to the first codon sequence and (ii) annealing of the 
second anti-codon sequence to the second codon sequence thereby to enhance covalent bond 
formation between the first and second reactive imits relative to covalent bond formation 
between the third reactive unit and the first reactive unit and/or between the third reactive unit 

25 the second reactive unit. This type of method may be particularly usefiil for producing non- 
natural polymers by nucleic acid-templated synthesis. 

[0017] In one embodiment, the template is associated with a capturable moiety, for 

example, biotin, avidin, or streptavidin. The capturable moiety may also be a reaction product 
resulting fi-om a reaction between the first and second reactive units when the first and second 
30 reactive units are annealed to a template. If a capturable moiety is present, the method may 
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1 

include capturing the capturable moiety as a way to enrich a reaction production from the 
reaction mixture. 

[0018] I This type of method is also helpful when the third reactive unit is capable of 
reacting with the first and/or second reactive units. In other words, the reaction between the first 
5 and third relactive units and/or between the- second and third reactive units may be incompatible 
with the reaption between the first and seconii reactive unit's. The method may enhance covalent 
bond formation between the first and second reactive units by at least 2-fold, at least 5-fold, at 
, least lO-fpld, or at least 50-fold relative to covalent bonid formation between the first and third 
reactive imits. 

1 0 [0019] In another aspect, the invention provides a series of methods for performing 

stereoselective nucleic acid-templated synthesis. The stereoselectivity of the synthesis may 
result from, the choice of a particular ten^Iate, transfer unit, reactive unit, hybridized template 
and transfer unit, stereoselective catalyst, or any combination of the above. The resulting 
product may be at least 60%, at least 70%, at least 80%, at least 90%, at least 95%, at least 98%, 

15 or at least 99% stereochemically pure. 

[0020] Generally, the method involves providing (i) a template comprising a first 

oligonucleotide that optionally is associated with a reactive unit and (ii) one or more transfer 
units, each comprising a second oligonucleotide associated with a reactive unit. Annealing'of 
the first and second oligonucleotides brings at least two reactive units into reactive proximity and 

20 to react to produce a reaction product where the reaction product contains a chiral center and is 
of at least 60%, more preferably at least 80%, and more preferably at least 95% stereochemically 
pure at the chiral center. It is contemplated that this method can be accomplished when one 
reactive unit is associated with the template and the other reactive unit is associated with the 
transfer unit. Also, it is contemplated that this method can be accomplished when the template 

25 does not provide a reactive unit and two transfer units when they anneal to the template provide 
the two reactive units that come into reactive proximity to produce the reaction product. 

[0021] In one approach, the method involves providing at least two templates and at least 

one transfer unit. One template includes a first oligonucleotide associated with a first reactive 
unit comprising a first stereochemical configuration, and the other template includes another first 
30 oligonucleotide associated with another first reactive unit having a second, different 

stereochemical configuration. The transfer unit comprises a second reactive unit associated with 
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a second oligonucleotide including a sequence coitiplementary to a sequence of the first 
oligonucleotide of the template. The fiTst and. second oligonucleotides then are annealed under 
conditions to permit the second ^eactiVe unit of the transfer unit' to react pireferentially with either, 
the first reactive unit pf the first stereochemical configuration or the fiait reactive unit of the 
5 second stereochemical configuration to produce a reaction product. , 

[0022] • The resulting reaction product may have a particular stereochemical 
configuratiqn. In one enlbodiment, a stereochemical configuration or macromolecular . . , 
conformation of the first oligonucleotide of the template determines which one of the first , 
reactive units reacts with the second reactive unit. " ' , 

1 0 [0023] In a seco.nd ^proach, the method involves providing at least one template and at 

least two transfer units. The template includes a first oligonucleotide associated with a first 
reactive unit. One transfer unit comprises a second oligonucleotide associated with a second . ^ . 
reactive unit having a first stereochemical configuration, and the other transfer unit, comprises 
another second oligonucleotide associated with a second reactive unit having a second, .di^^^^^^t 

1 5 stereochemical configuration. A sequence of the second oligonucleotides is complementary to a 
sequence of the first oligonucleotide. The first and second oligonucleotides then are annealed 
under conditions to permit the first reactive unit of the template to react preferentially with either 
the second reactive unit having the first stereochemical configuration or with the second reactive 
unit having the second stereochemical configuration to produce a reaction product. 

20 [0024] The resulting reaction product may have a particular stereochemical 

configuration. In one embodiment, a stereochemical configuration or macromolecular 
conformation of the second oligonucleotide determines which of the second reactive units reacts 
with the first reactive unit. 

[0025] In a third s^proach, the method involves providing at least one template and at 

25 least two transfer units, wherein one or optionally both of the transfer units comprise a pair of 
reactive units with one reactive unit of the pair having a first stereochemical configuration and 
the other reactive unit of the pair having a second, different stereochemical configuration. The 
template comprises a first oligonucleotide comprising a first codon sequence and a second codon 
sequence. One transfer unit of a first pair of transfer units includes a second oligonucleotide 
30 with a first anti-codon sequence associated with a first reactive unit having a first stereochemical 
configuration. The other transfer unit of the first pair of transfer units includes another second 
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oligonucleotide associated with a second stereochemical configuration of the first reactive unit. 
The second transfer unit includes a third oligonucleotide with'a second anti-codon sequence 
associated with a second reactive unit. The template, the first pair of transfer units, arid the 
second transfer unit are annealed to permit a member of the first pair of transfer units to react . 
5 preferentially with the second transfer unit to produce a reaction product. The resulting reaction 
product may have a particular stereochemical configuration. 

[0026] In one embodiment, a stereochemical configuration or macromolecular ' 

conformation of the second oligonucleotide determifaes'which member of the first.pair of transfer 
units reacts preferentially to produce the reaction product. 

1 0 [0027] In one embodiment, the method involves providing a template and at least two 

pairs of transfer imits. The template comprises a first oligonucleotide comprising first and 
second codon sequences. One transfer unit of the first pair comprises a second oligonucleotide 
with a first anti-codon sequence associated with a first reactive unit having a first stereochemical 
configuration. The other transfer unit of the first pair comprises the second oligonucleotide with 

15 the first anti-<;odon sequence associated with a first reactive unit having a second, different 

stereochemical configuration. One transfer unit of the second pair of transfer units comprises a 
third oligonucleotide having a second, different anti-codon sequence associated with a second 
reactive unit having a first stereochemical configuration. The other transfer imit of the secpnd 
pair comprises the third oligonucleotide with the second anti-codon sequence associated with the 

20 second reactive unit having a second, different stereochemical configuration. The template, the 
first pair of transfer imits and the second pair of transfer units are annealed to permit a member 
of the first pair of transfer units to react preferentially with a member of the second pair of 
transfer units to produce a reaction product. 

[0028] In one embodiment, a stereochemical configuration or macromolecular 

25 conformation of the second oligonucleotide determines which member of the first pair of transfer 
imits reacts preferentially to produce the reaction product. In addition, a stereochemical 
configuration or macromolecular conformation of the third oligonucleotide determines which 
member of the second pair of transfer units reacts preferentially to produce the reaction product. 

[0029] In another aspect, the invention provides a method for enriching a product of a 

30 templated synthesis reaction. The method comprises providing a first library of molecules 
comprising a plurality of reaction products associated with a corresponding plurality of 
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oligonucleotides, v/herein each oligonucleotide coihprises a nucleotide sequence indicative of the . 
associated reaction product. A portion 6f the reaction pfoducts in the first library are capable of 
binding to a preselected moiety. ,The first library then is^ exposed to the binding moiety under 
conditions to permit reaction product capable of binding the binding moiety to do so. Unbound 
5 reaction products are removed, and bound reaction product then is eluted fi-oni the binding 
moiety to prod\ice a second library of molecules enriched at least 10-fold, mpre preferably at' 
least 50-fold, relative tp the first library, for reaction products that bind the binding moiety. • 

[0030] In one enibodiment, the binding moiety, /or example, a target biomoleicule, for 

example, a protein, is immobilized on a solid support. In mother embodiment, the second 

10 library is enriched at least 100-fold or at least l ',000-fold for reaction products that bind to tfie 
binding moiety. Furthermore, it is contemplated that the steps of exposing the library to the 
binding mojety, removing unbound reaction products, and eluting bound reaction prpducts can 
be repeated (e.^. , repeated one, two, three or more times). Repetition of these steps preferably 
yields a second library enriched at least 1,000-fold, more preferably, at least 10,000-fold, or, 

1 5 more preferably, at least 100,000-fold, for reaction products that bind to the binding moiety. 

[0031] In one embodiment, the oligonucleotide attached to the selected library member 

includes a first sequence that identifies a first reactive unit that produced the reaction produt^t 
bindable by the preselected binding moiety. Preferably, the oligonucleotide also includes a 
second sequence that identifies a second reactive unit that produced the reaction product 
20 bindable by the preselected binding moiety. By sequencing the ohgonucleotide attached to the 
selected library member it is possible to detemiine what reactants reacted with one another to 
produce the reaction product. Accordingly, using this approach it is possible to deduce the 
structure of the selected library member firom the reaction history. 

[0032] The method may fiirther comprise the step of amplifying the oligonucleotide 

25 associated with the enriched reaction product and, preferably, determining the sequence of the 
amplified oligonucleotide. Furthermore, the reaction product can be further characterized by 
using information encoded within the sequence of the oligonucleotide. For example, the 
sequence of the oligonucleotide may be determined and then firom the sequence it is possible to 
detemiine what reactive \mits reacted to produce the reaction product. Using a similar approach, 
30 it is possible to identify the existence of new chemical reactions that produced the reaction 
product. 
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[0033] In another aspect, the invention pfroyides a variety of methods for identifying the 

existence of new chemical reactions. One ajpproach invblves, providing a library of molecules ' 
comprising a plurality of reaction products sfesociated with a corresponding plurality of 
oligonticleotides, wherein each oligonucleotide includes a nucleotide sequence indicative of an 
5 associatedVeaction product. A particular reaction product associated with its corresponding 
oligonucleQtidathen is selected, and characterized, Foilqwing characterizatipn of the reactioh ' 
product and identification of the reactive units that react^ to create the reaction product, it i^ 

possible to identify one or more new chemical' reactions necessary to produce the reaction 

' * • *•/ . ' ' ' ■ 

product, ' , . ' • » 

1 0 10034] In one embodiment, the method further includes, after selecting the reaction 

product, amplifying its corresponding oligonucleotide. The amplified oligonucleotide can then 
be sequenced to identify what reactive units reacted to produce the reaction product^ The 
oligonucleotide may also be ampUfied for use in preparing more of the selected reaction product. 
In other embodiments, the oligonucleotide may be mutated, and the resulting mutated 

1 5 oligonucleotide may be used in the creation of a second generation library. , 

[0035] A second approach involves providing (i) a template and (ii) a first transfer unit. 

The template comprises a first reactive unit associated with a first oligonucleotide comprising a 
codon. The transfer unit comprises a second readtive unit associated with a second 
oligonucleotide comprising an anti-codon capable of annealing to the codon. The 

20 oligonucleotides are annealed to bring the first and second reactive units into reactive proximity. 
A covalent bond-forming reaction is induced between the reactive units to produce a reaction 
product. The reaction product then is characterized, and a new chemical reaction necessary to 
make the reaction product is identified using information encoded by the template to identify the 
first and second reactive units that reacted to produce the reaction product. The method may also 

25 include the step of selecting the reaction product prior to its characterization. 

[0036] In a third approach, the invention involves providing at least (i) a template, (ii) a 

first transfer unit and (iii) a second transfer unit. The first transfer unit comprises a first reactive 
unit associated with a first oligonucleotide. The second transfer unit comprises a second reactive 
unit associated with a second oligonucleotide. The template includes sequences capable of 
30 annealing to the first and second oligonucleotides. During the method, the oligonucleotides are 
annealed to the template to bring the reactive units into reactive proximity and a covalent bond- 
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forming reaction is induced between the reactive units to produce a reaction product. The 

■| • ,. 

reaction product then is characterized, for example, by using information encoded by the • * 

* (• . . - ' * ■ ' 

template to identify the first and second reactive units that reacted with one another to produce 

the reaction product. Based on the characterization, it is then possible to identify one or more i 

5 new chemipal reactions that were necessary to make the reaction product. The method may also 

include the step of selecting the reaction product prior to its characterization. 

[0037] Although the methods of the invention are useful with small numbers of templates 

'and transfer imits, use of larger numbers of templates (e,g, , 1 0, 50, 1 00, 1 000, or more) and of 
transfer units for each codon {e.g., 10, 20, 30, 50, or more) permits the synthesis of large libraries 
10 of molecules that can be screened simultaneously using the sensitivity afforded by amplification. 

DEFnsmpNs 

[0038] The term, ''associated with** as used herein describes the interaction between or 

among two or more groups, moieties, compounds, monomers, etc. When two or more entities 
are ''associated with" one another as described herein, they are linked by a direct or indirect 

15 covalent or non-covalent interaction. Preferably, the association is covalent The covalent 

association may be, for example, but without limitation, through an amide, ester, carbon-carbon, 
disulfide, carbamate, ether, thioether, urea, amine, or carbonate linkage. The covalent 
association may also include a linker moiety, for example, a photocleavable linker. Desirable 
non-covalent interactions include hydrogen bonding, van der Waals interactions, dipole-dipole 

20 interactions, pi stacking interactions, hydrophobic interactions, magnetic interactions, 

electrostatic interactions, etc. Also, two or more entities or agents may be "associated with" one 
another by being present together in the same composition. 

[0039] The term, "biological macromolecule" as used herein refers to a polynucleotide 

{e.g.y RNA, DNA, KNA/DNA hybrid), protein, peptide, lipid, or polysaccharide. The biological 
25 macromolecule may be naturally occurring or non-naturally occurring. In a preferred 

embodiment, a biological macromolecule has a molecular weight greater than about 5,000 
Daltons. 

[0040] The terms, "polynucleotide," "nucleic acid", or "oligonucleotide" as used herein 

refer to a polymer of nucleotides. The polymer may include, without limitation, natural 
30 nucleosides adenosine, thymidine, guanosine, cytidine, uridine, deoxyadenosine. 
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deoxythymidine, deoxyguanosinci and deoxycytidirie),'puoIeoside analogs' 2- 
aminoadenoisine, 2-thipthymidine, ihosirie, pyrroJo-pyrimidine, 3-meOiyl adenosine, 5- • 
methylcytidine, 'C5-bromouridine, CS-ifluorouridine, CS^iodouridihe, CS-pfojpynyl-uridme, 
C5-propynyl-cytidine, GS-methylcytidine, 7-dedzaadenoSine, 7-deazaguanosine, 
5 8-oxoadenDsine, 8-oxoguanosine, 0(6)-niethylgu4mne, and 2-thiocytidine), chemical}y,modified 
bases, biologically modified bases (e.^., methylated. bases)^ intercalated basep, modified sugaCrs 
(e,g., 2 -fluororibose, ribose, 2'-deoxyribose, .aiabinose, slnd hexose), or modified phosphate ' 
groups (^.g, , phosphorothioates and 5*' -N-pho^phoraniidite linkages). Nucleic acids and . 
oligonucleotides may also include other polymers of bases Having a modified backbone, such as » 
10 a locked nucleic acid (LNA), a peptide nucleic acid (PNA), a threose nucleic acid (TNA) aftd 
any other polymers capable of serving as a template for' an amplification reaction using an 
amplification technique, for example, a pblyinerasei chain reaction, a lipase chain reaction, or . 
non-enzymatic, template-directed replication. . i * 

[0041] . . The term, "small molecule" as Used herein,. refers to anorganic compoimd either 
15 synthesized in the laboratory or foimd in nature having a molecular weight less than 10,000 

grams per mole, optionally less than 5,000 grams per mole, and optionally less thau'2,000 grams 
per mole. 

[0042] The terms, "small molecule scaffold*' or "molecular scaffold" as used herein, refer 

to a chemical compoimd having at least one site or chemical moiety suitable for 
20 flinctionalization. The small molecule scaffold or molecular scaffold may have two, three, four, 
five or more sites or chemical moieties suitable for functionalization. These fimctionalization 
sites may be protected or masked as would be appreciated by one of skill in this art. The sites 
may also be found on an underlying ring structure or backbone. 

[0043] The term, ^transfer unit" as used herein, refers to a molecule comprising an 

25 oligonucleotide having an anti-codon sequence associated with a reactive unit including, for 
example, but not limited to, a building block, monomer, monomer unit, molecular scaffold, or 
other reactant useful in template mediated chemical synthesis. 

[0044] The term, ^template" as used herein, refers to a molecule comprising an 

oligonucleotide having at least one codon sequence suitable for a template mediated chemical 
30 synthesis. The template optionally may comprise (i) a plurality of codon sequences, (ii) an 
amplification means, for example, a PCR primer binding site or a sequmce complementary 
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thereto, (iii) a reactive unit associated therewith, (iv) a combination of (i) and (ii), (y) a 
combination of (i) and (iii), (vi) a combination of (ii) and (iii), or a combination of (i), (ii) and . 

m 

[0045] The tenns, "codon'* and "aijti-codon" as used herein, refer to complementary 

5 oligonucleotide sequences in the template and in the transfer unit, respectively, that permit the 
transfer unit to anneal to the template during template mediated chemical synthesis. • 

[00461 Throughout the description, where compositions are described as having, 

' including, or comprising specific components, or where processes are described as having, 
including, or comprising specific process steps, it is contemplated that compositions of the 
10 present invention also consist essentially of, or consist of, the recited components^ and that the 
processes of the present invention also consist essentially of, or consist of, the recited processing 
steps. Further, it should be understood that the order of steps or order for performing certain 
actions are immaterial so long as the invention remains operable. Moreover, two or more steps 
or actions may be conducted simultaneously. 

1 5 DESdOPTION OF THE DRAWEVGS 

[0047] • Figure 1 depicts known sequence-specific oligomerizations of complimentary 
oligonucleotides catalyzed by single-stranded nucleic acid templates. 

[0048] Figure 2 is a schematic representation of one embodiment of nucleic acid- 

templated synthesis where a reactive unit is attached to a template at the start of synthesis. 

20 [0049] Figure 3 is a schematic representation of a second embodiment of nucleic acid- 

templated synthesis where a reactive unit is not attached to the t^plate at the start of synthesis. 

[0050] Figure 4 is a schematic representation of a third embodiment of nucleic acid-- 

templated synthesis suitable for polymer synthesis. 

[0051] Figures 5A-F are schematic representations of various exemplary templates 

25 useful in nucleic acid-templated synthesis. 

[0052] Figures 6A-E are schematic representations of desirable and undesirable possible 

interactions between a codon of a template and an anti-codon of a transfer imit. 

[0053] Figures 7A-G are schematic representations of various template architectures 

useful in nucleic acid-templated synthesis. 
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[0054] Figure 8 is a schematic representatibn of a method for producing a template, 

containing, &om the 5'-end to the S'-enld, a small moledule functional group,'a DNA hairpin, ail 
annealing region, a dodfing region, and a PC^ primer binding site. ' . 

[0055] . Figure 9 is a schematic representation, of a general method for making a library of 
reaction products. ' 

[0056] Figure' 10 is a graph showilig th^ relationship between the effective concentration 

oftarget protein and the fraction of Ugaiidthatbinds the targ . . 

[0057] Figures llA-B are schematic representations of methods for screen^g a library , 

for bond-cleavage (Figure 1 lA) and bond-formation (Figure IIB) catalysts. 

[0058] Figure 12 is a schematic representation of an in vitro selection scheme for 

identifying non-natural polymer catalysts of bond-forming reactions. , 

[0059] . Figure 13 is a schematic representatibn of an in ^ntro selection scheipe for 

identifying non-natural polymer catalysts of bond-cleaving reactions. 

[0060] Figure 14 is a schematic representation of exemplary reagents and their usfe in a 

recombination method for diversifying a template'library. 

[0061] Figure 15 depicts synthetic reactions directed by hairpin (H) and rad-of-helix (E) 

DNA templates. Reactions were analyzed by d^aturing polyacrylamide gel electrophoresis 
(PAGE) after the indicated reaction times. Lanes 3 and 4 contained templates quenched with 
excess P-m'ercaptoethanol prior to reaction. 

[0062] Figure 16 dqpicts the results of reactions between matched (M) or mismatched 

(X) reagents linked to thiols (S) or primary amines (N) and templates functionalized with the 
variety of electrophiles. 

[0063] Figures 17A-17B depict various mismatch reactions analyzed by denaturing 

PAGE. Figure 17A depicts results of reactions in which H templates linked to an iodoacetamide 
group were reacted with thiol reagents containing 0, 1, or 3 mismatches at 25°C. Figure 17B 
depicts results of reactions in which the reactions in Figure 17A were repeated at the indicated 
temperatures for 16 hours. 

[0064] Figure 18 depicts a reaction perfomied using a 41-base E template and a 10-base 

reagent designed to anneal 1-30 bases from the 5' end of the template. 
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[0065] Figure 19 depicts a repeat of the n =. 10 reaction in Figure 18 in which the nine . 

bases following the 5*-NH2-dT were replaced with various backbone analogues. 

[0066] , Figure 20 depicts the /i = 1, /i = 10, and w = 1 mismatched (mis) reactions 
described in Figure 18 which were repeated with template 'and reagent concentrations of 12.5, ' 
5 25, 62.5 or 125 nM. ' 

. [0067] Figures 21 A-21B are a schematic representation of a method for translating, 

selecting, and amplifying a synthetic molecule that binds streptavidin from a DNA-encoded " 
• library. . . . ■ 

[0068] Figure 22A depicts DNA sequencing results of a PCR amplified pool of nucleic 

1 0 acid templates of Figures 21 A-21B before and after selection. 

[0069] Figure 22B is a schematic representation of a method for creating and evolving 

libraries of non-natural molecules using nucleic acid-templated synthesis, where -Ri represents 
the library of product functionality transferred from reagent library 1 and -Rib represe;its a 
selected product. 

1 5 [0070] Figures 23A-23D are schematic representations of exemplary DNA-templated 

reactions. 

[0071 1 Figure 24 depicts analysis by denaturing PAGE of representative DNA-templated 

reactions listed in Figures 23 and 25. 

[0072] Figures 25A-25B are schematic representations of DNA-templated amide bond 

20 formation reactions mediated by EDG and sulfo-NHS or by DMT-MM for a variety of ^ 

substituted carboxylic acids and amines. 

[0073] Figure 26A-26B depict an analysis of the distance independent nature of certain 

nucleic acid-templated reactions. Figure 26A is a schematic representation showing a model for 
distance-independent nucleic acid-templated synthesis. Figure 26B depicts the results of 
25 denaturing PAGE of a DNA-templated Wittig olefination between complementary aldehyde- 
linked template 11 and phosphorous ylide reagent 13 from Figure 23B with either zero bases 
(lanes 1-3) or ten bases (lanes 4-6) separating annealed reactants. 

[0074] Figure 27 is a schematic representation of exemplary nucleic acid-templated 

complexity building reactions. 
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(0Q7S] Figures 28A-28B depict strategies for DNA-tempIated synthesis .using 

aiitocleaving linkers (Figures 28A and 28B), scarless linkers (Figure 28C), and useful scar 
linkers (Figure 28D). ' ' ' . . 

r 

10076] Figure 29 depicts results from nucleic aciU'-templated reactions with various ' 

linkers. • 

■ ' .• . • ' 

. [0077] Figures 30A-30B are schematic repfdsentations depicting strategies for purifying 

products of DNA-templated synthesis using an autocleaving reagent linker (figure 36A) or scar 

and non scar linkers (Figure 30B). 

[0078] Figures 31 A-B depict an exemplary DNA-templated multi-step tripeptide 

synthesis. > 

[0079] Figures 32A-B depict an exemplary DNA-templated multi-step synthesis. 

[0080] Figure 33 depicts DNA-iemplated amide bond formation reactions in which 

reagents and templates are complexed with dimethyldidodecylammonium cations. 

(0081 ] Figure 34 shows denaturing PAGE gels with rq)resentative DNA-templated 

amine acylation, Wittig olefination, 1,3-dipolar cycloaddition» and reductive amination reactions 
using the end-of-helix (E) and omega (Q) architectures. 

[0082] Figures 35A-3SD are bar charts showmg a conq)arison of end-of-helix (EX 

hairpin (H), and omega (Q) architectures for mediating DNA-templated amine acylation (Figure 
35A), Wittig olefination (Figure 35B), 1^-dipolar cycloaddition (Figure 35C), or reductive 
amination reactions (Figure 35D). 

[0083] Figure 36 is a table showing the melting temperatures of selected template- 

reagent combinations using the omega (Q) and end-of-helix (E) architectures. 

[0084] Figure 37 is a bar chart showing the efficiencies of DNA-templated reactions 

mediated by a template having the T architecture. 

[0085] Figures 38A-38C depict two DNA-templated reactions on a single template in 

one solution mediated by templates having a T architecture. 

[0086] Figure 39A-39C are schematic illustrations showing the relative rates of product 

formation from (S)-and (R)-bromides in H template (Figure 39A) or E template (Figures 39B 
and 39C) mediated stereoselective DNA-templated substitution reactions. 
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[0087] Figures 40A-40D depict results on* reaction stereoselectivity when aromatic bases . 

between the reactive groups are deleted and. xestored. The Figures show changes in 
stereoselectivify as 'a result of restoring aromatic DNA bases from the 5* i^nd (Figures 40A-40C) 
or from the 3' end (Figure 40D) of the 12-bas€j intervening region. 

5 [0088] ' Figures 41 A--41B sho^y the stereo^lectivities of DNA-tempIated reactions 

mediated by rijght-handed helix (B-form) (Figure 4l A) of left-handed helix (Z-forin) (Figures 
41A and 41^) hairpin- architectures. » ' 

[0089] Figures 42A-42D shows gr^Ucalj^epreseiitations of product yield versus t^ 

for exemplary stereoselective DNA-templated reactions used to calculate ks^R, Figure 42A ' 
10 corresponds to the reaction shown in Figure 39 A; Figure 42B corresponds to the reaction shown 
in Figure 39B; Figure 42C corresponds to tbe.reaction shown in Figure 44A and Figure 42D 
corresponds to the reaction shown in Figure ,44B. ^ i 

[0090] ' Figures 43A-43F are a schematic representations showing template^ and reagent 
structures that incoxpojate achiral, flexible linkers. 

1 5 [0091] Figure 44 A-44B are graphical representations of circular dichroism spectra 

obtained for B-fomi (Figure 44A) and Z-form (Figure 44B) template-reagent complexes. 

100921 Figure 45 shows a representative denaturing PAGE analysis of reactions using 

the CG-rich sequences at low and high salt concentrations. 

[00931 Figure 46 is a schematic representation of a DNA-templated synthesis in which 

20 maleimides, aldehydes, or amines are subjected to multiple DNA-templated reaction types in a 

single solution. 

[0094] Figure 47 depicts templates and reagents used pairwise in 12-reactant one-pot 

DNA-templated reactions. 

[0095] Figure 48 depicts a *'one-pot" DNA-templated reaction containing 12 reactants 

25 and at least seven possible reaction types which generates only 6 sequence-programmed products 
out of at least 28 possible products. 

[0096] Figure 49 is a schematic representation of a method for diversifying a DNA- 

templated library by sequentially exposing or creating reactive groups. 
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[00971 Figures 50A-50E are schematic representations of exemplary nucleic acid- 

templated dq>rotections useful in the practice of the invention. 

[0098], Figures 51 A-51B are schematic representations of exemplary nucleic acid- . 

templated functional group interconversions useful in thd practice of the invention, ' 

5 [0099] Figure 52 is a schematic, representation showing the assembly of transfer units 

. along a nucleic acid template. ' ' 

, [0100] Figure 53 is a schematic representation showing the polymerization of 

dicarbamate units along a nucleic acid template to form a polyckrbamate. 

[0101] Figure 54 is a schematic representation showing cleavage of a polycarbamate 

1 0 polymer from a nucleotide backbone. 

[0102] Figure 55 is a schematic representation showing the synthesis of a DNA- 

templated macrocyclic fumaramide library. 

[0103] Figure 56 is a schematic representation of the amine acylation and cyclization 

st^s of various fumaramide library monbers of Figure 55. 

15 [0104] Figure 57 shows exemplary amino acid building blocks for the synthesis of a 

DNA-templated macrocyclic fumaramide library. 

[0105] Figure 58 is a schematic representation of a method of creating a template used in 

the synthesis of a DNA-templated macrocyclic finnaramide library. 

[0106] Figure 59 is a schematic representation of an amine acylation and cyclization 

20 reaction useful in the synthesis of macrocyclic fumaramide library. 

[0107] Figure 60 depicts representative monomer structures that can be incorporated into 

a PNA polymer. 

[0108] Figure 61 is a schematic representation of a method for making functional 

polymers. As shown the polymer is still associated with the template. 

25 [0109] Figure 62 depicts a DNA-templated aldehyde polymerization reaction. 

[01 10] Figure 63 depicts PNA polymerization reactions using a 40 base template with 

mismatched codons located at certain positions of the template. 

[01 1 1] Figure 64 shows the specificity of DNA-templated polymerization reactions. 
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[01 12] Figure 65 A is a schematic representatipn showing a method of using a nucleic 

acid to direct the synthesis of new ipolymers.apd plastics. Figure 65B is a schematic ' 
representation shoWing the use pf GrCibbs.' ring-opening metathesis polymerization catalysis to . 
evolve plastics. ' • ' 

5 (01 13] ' Figure 66 is a schematic representation showing the evolution of plasties through 

iterative cycled of ligand diversification, ^election, and. amplification to create polyiners with , 

' ■•*,••''.'•'•• • • ■ 

desired properties. i ' ■ .. 

[0114] Figure 67 depicts- exemplary' fiinctiohialized.nucieotides that can be incorporated 

by DNA polymerase. • ■ ' • 

10 [0115] Figure 68 depicts exemplary metal binding uridine aind 7-deazaadenosine 

analogs. • 

(01 1 6] ■ Figure 69 depicts an exemplary synthesis of analog 7 from Figure 67. 

[0117] • Figure 70 depicts an exemplary synthesis of compound 30, a precursor to • 
compound 13 fi-om Figure 67. , 

1 5 [0118] Figure 71 depicts an exemplary synthesis of compound 40, a precursor to 

compound 13 from Figure 67. 

[0119] Figure 72 depicts an exemplary synthesis of compound 38, a precursor to 

compound 40 from Figure 71 . 

[0120] Figure 73 depicts exemplary deoxyadenosine derivatives. 

20 [0121] Figure 74 depicts an exemplary synthesis of modified deoxyadenosine 

triphosphates. 

[0122] Figure 75 depicts a summary of modified nucleotide triphosphates containing 

metal-binding fimctionalities which are or are not incorporated by DNA-polymerase. 

[0123] Figure 76 depicts a non-natural polymer library containing a synthetic metal- 

25 binding nucleotide that is compatible with DNA polymerases. 

[0124] Figure 77 is a sch^atic representation showing the gen^ation of libraries of 

nucleic acids containing polymerase-accepted metal-binding nucleotides. 
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[0125] Figures 78A-78C show reaction schemes for identifying certain reaction 

catalysts. Figure 78 A is a schematic representation of an exemplary scheme for the in vitro 
rejection of synthetic polymers containing polymerase-accepted metal-binding nucleotides that 
catalyze Heck reactions. Figure 78B is a schematic representation of an exemplary scheme for 
the in vitrq selection of synthetic polymers containing polymerase-accepted metal-binding 
nucleotides that catalyze hetero Diels- Alder reactions. Figure 78C is a schematic representation 
of an exemplary scheme for the in vitro selection of synthetic polymers containing polymerase- 
I accepted metal-binding nucleotides that catalyze aldol reactions. 

[0126] Figure 79 depicts exemplary DNA-linked synthetic molecules subjected to 

protein binding selections, and enrichment factors for a single round of selection. 

[0127] Figure 80 depicts the results of an exmiplary selection scheme. 

[0128] Figure 81 d^icts the netenrichment realized by three rounds of enrichment. 

[0129] . Figure 82 depicts the separation of target-specific and non-specific Dl^IA-linked 
synthetic molecules from a single solution. 

[0130] Figure 83 depicts exemplary specific DNA-linked synthetic molecules selected in 

Figure 79. 

[0131] Figure 84 depicts an exemplary iterated carbonic anhydrase selection scheme. 

. [0132] Figure 85 is a schematic representation of a method for performing one-pot 

selections for bond-forming reactions. 

[0133] Figure 86 is a schematic rqiresentation of a hiethod for validating the discovery 

of new bond-forming reactions using DNA-templated synthesis. 

[0134] Figure 87 depicts an example of reaction discovery using nucleic acid-templated 

synthesis. 

[0135] Figure 88 depicts the discovery of Cu-mediated coupling reactions identified 

using nucleic acid-templated synthesis. 

[0136] Figure 89 depicts the discovery of Pd-mediated coupling reactions identified 

using nucleic acid-templated synthesis. r 

[0137] Figure 90 is a schematic representation of a microarray based sequence analysis 

protocol. 
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[0138] Figure 91 depicts the analysis.of th6 Pd'rinediated reactions identified via, 

microarray based sequence analysis. ' ' ' • ' , ' 

Description of Certain Embodiments of the Invention 

[0139] , Nucleic-acid templated syntheisis as described herein permits the production, 
selection, amplification and evolution, of a brpad variety of chemical compounds such as 
synthetic small moleciiles and non-natural polymers., In nucleic acid-templated synthesis^ the 
information encoded by a DNA or other nucleic acid sequence is translated into the synthesis of 
a reaction product. The nucleic acid template typic^ailly'comprises a plurality of coding regions 
which aimeal to complmientary anti^odon sequences assbciated with reactive imits, thereby ' 
bringing the reactive units together in a sequence-specific manner to create a reaction product. 
Since nucleic acid hybridization is sequencerspecific, the result of a nucleic acid-templated 
reaction is the translation of a specific nucleic acid sequmce into a corresponding reaction * i 

product • 

» . ' . I. " , 

[0140] As shown in Figure 1, the ability of single-stranded nucleic acid templates to 

catalyze the sequence-specific oligomerization of complementary oligonucleotides has been 
demonstrated (Inoue et aL (1981) J. AM. Chem. Soc. 103: 7666; Inoue et aL (1984) J. MOL. 
Biol. 178: 669-76). This discovery was soon followed by findings that DNA or RNA templates 
can catalyze the oligomerization of complementary DNA or KNA mono-, di-, tri-, or 
oligonucleotides (Inoue et aL (1981) J. Am. Chem. Soc. 103: 7666; Orgel et aL (1995) Acc. 
Chem. Res: 28: 109-1 1 8; Rembold et aL (1994) J. MOL. EvOL. 38: 205; Rodriguez et aL (1991) 
J. MoL. EyOL. 33: 477; Chen et aL (1985) J. Mot. BlOL. 181: 271). DNA or RNA templates 
have since been shown to accelerate the formation of a variety of non-natural nucleic acid 
analogs, including peptide nucleic acids (Bohler et aL (1995) Nature 376: 578), 
phosphorothioate- (Herrlein et aL (1995) J. Am. Chem. Soc. 1 17: 10151-10152), 
phosphoroselenate- (Xu et al. (2000) J. Am. Chem. Soc. 122: 9040-9041; Xu et aL (2001) NAT. 
BIOTECHNOL. 19: 148-152) and phosphoramidate- (Luther et aL (1998) Nature 396: 245-8) 
containing nucleic acids, non-ribose nucleic acids (Bolli et aL (1997) CHEM. BlOL. 4: 309-20), 
and DNA analogs in which a phosphate linkage has been replaced with an aminoethyl group 
(Gat et aL (1998) BlOPOLYMERS 48: 19-28). Nucleic acid templates can also catalyze amine 
acylation between nucleotide analogs (Bruick et aL (1996) Chem. Biol. 3: 49-56). 
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[0141] ' Although nucleic acid templates have been* demonstrated to accelerate the 

formation of a variety of non-natufal nucleic^cid, analogues, nearly all of these reactions were- 
designed to proceed through transition states closely resembling the natural nucleic acid 
backbone (Figure 1), typically affording prodifcts that preserve the same six-bond backbone 
spacing between nucleotide units. The .motivation behind this design presurriably was ,the 
assumption th^t the rate enhancement provided by nucleic acid templates depends on a precise 
alignment of reactive groups, and the precision' of this alignment is maximized when the • 
reactants and products mimic the structure of the dWA and RNA backbones. Evidence in 
support of the hypothesis that nucleic acid-templated synthesis can only generate products that » 
resemble the hucleic acid backbone comes from the well-icnown difficulty of macrocyclization in 
organic synthesis (IM^niinati ei ah (1981) Acc. Chem.'Res. 14: 95-i02; Woodward al. (1981) 
J. Am, Chem. Soc. 103; 3210-3213). The rateeiAancjement of intramolecular ring closing 
reactions compared with their intermoleculaf cdunteiiiarts is known to diminish quickly as ' ' 
rotatable bonds are added between reactive groups, such that linking reactants withi a flexible 14- 
carbon linker hardly aiTords any rate accelCTation (niuminati et al (1981) supra), 

[0142] Because synthetic molecules of interest do not in general resemble nucleic acid 

backbones, the use of nucleic acid-templSated synthesis to translate nucleic acid sequences into 
synthetic molecules is useful broadly only if synthetic molecules other than nucleic acids and 
nucleic acid analogs can be synttiesized in a nucleic acid-templated fashion. Significantly, as 
shovm herein, nucleic acid-templated synthesis is indeed a general phenomenon and can be used 
for a variety of reactions and conditions to generate a diverse range of compounds, specifically 
including compounds that are not, and do not resemble, nucleic acids or nucleic acid analogs. 
More specifically, the present invration extends the ability to amplify and evolve libraries of 
chemical compounds beyond natural biopolymers. The ability to synthesize chemical 
compounds of arbitrary structure allows researchers to write their own genetic codes 
incorporating a wide range of chemical fimctionality into novel backbone and side-chain 
structures, which permits the development of novel catalysts, drugs, and polymers, to name a 
few examples. For example, the direct amplification and evolution of molecules by genetic 
selection permits the discovery of entirely new families of artificial catalysts which possess 
activity, bioavailability, solvent, or thermal stability, or other physical properties (such as 
fluorescence, spin-labeling, or photolability) that may be difficult or impossible to achieve using 
the limited set of natural protein and nucleic acid building blocks. Similarly, developing 
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methods to amplify and directly evolve synthetic small molecules by iterated cycles of niutation 
and selection jpermits the isolation of novel ligands or drugs with properties superior to those 
isolated by traditional rational design or combinatorial screening drug discovery methods. 
Additionally, applying this approach to the identification and development of polymers of 
5 significance' in material science can permit the evoliition of new plastics or other polymers. 
[0143] • In'general, nucleic acid-templated syntHesis ats performed herein involves 1) 
providing one, or more nucleic acid templates bptionally associated with a reactive unit, and 2)' 
contacting the one or more nucleic acid templates wi^ one or more transfer units including an 
anti-codon associated with a reactive unit. The anti-codons of the transfer units are designed to ' 
1 0 hybridize to the nucleic acid template. In certain embodiments of the invention, the transfer unit 
comprises a single moiety simultaneously incorporating the hybridization capability of the anti- 
codon unit and the chemical functionality of the'reaction unit. After th^ transfer units have 
hybridized to the nucleic acid template in a sequence-specific manner, the reactive units present 
on the transfer units and/or the nucleic acid tehiplate come into reactive proximity to react and 
1 5 generate a reaction product. Preferably, the oligonucleotide portion of the transfer unit is 

removed once the reactive units have reacted to generate the reaction product or an intermediate 
of the reaction product. Significantly, the sequence of the nucleic acid template can later be 
determined, to permit decoding of the synthetic history of the attached reaction product and, 
thereby, its structure. This method may be used to synthesize one molecule at a time or may be 
20 used to synthesize thousands to millions of compounds using combinatorial methods. 

[0144] In one embodiment, the template molecule optionally is associated with a reactive 

unit prior to interaction with any transfer units. Thus, as shown in Figure 2, the template can be 
connected by a covalent bond to a reactive unit, either directly or via a linker. Alternatively, the 
template can be connected by a noncovalent linkage. For example, the template can be 
25 biotinylated, generally at a fixed location on the molecule, and can stably interact with a reactive 
unit associated with an avidin or streptavidin moiety. For ease of synthesis, the reactive unit is 
preferably placed at or near the 5* end of the template in some embodiments as shown in Figure 
2. In other embodiments, placement of the reactive unit at an internal position of the template or 
at the 3' end is preferred. The template molecule also includes at least one codon enable of 
30 annealing to an anti-codon of a transfer unit. During synthesis, the transfer unit anneals to the 
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codon, bringing its reactive unit into reactive proxiliiity. with the reactive unit of the template to 

' , ■•*•*' • • ' , • 

produce areaction prpduct. *• .. ' . ' 

[0145] 'In another embodiment, as shown in Figure 3, the template is not initially 

associated v/ith a reactive unit, but permits the nucleic acid-templated synthesis of at least two 
5 reactive units disposed with two transfer units. The template molecule includes at least' two 
codons, each capable of annealing to a different anti>codori. disposed within each transfer unit , 
The anti-co4on in each transfer \mit anneals to the correjsponding codon in the template to bring, 
the reactive imits of each transfer unit into reactive |i)ro>(imity with one another to produce a . 

reaction product. • • ' . 

I " * ■ ' 

1 0 [0146] In another embodiment, as shown in Figure 4, the template can bring together, 

either simultaneously or sequratially, a plurality of transfer units in a sequence-specific manner. 
The reactive units on each annealed transfer unit:can tl^en be reacted with one another in a . ^ 
polymerization process to produce a polymer. Using this approach it is possible to generate a 
variety of non-natural polymers. The polyiiierization maybe a step-by-step process or ipay be a 

1 5 simultaneous process whereby all the aimealed monomers are reacted in one reaction sequence. 

1. TEMPLATE CONSIDERATIONS 

[0147] The nucleic acid template can direjct a wide variety of chemical reactions without 

obvious structural requirements by sequence-specifically recruiting reactants linked to 
complementary oligonucleotides. As discussed, the nucleic acid mediated format permits 

20 reactions that may not be possible using conventional synthetic ^proaches. During synthesis, 
the template hybridizes or anneals to one or more transfer units to direct the synthesis of ia 
reaction product, which during cotain stq)s of templated synthesis remain associated wiA the 
template. A reaction product then is selected or screened based on c^tain criteria, such as the 
ability to bind to a preselected target molecule. Once the reaction product has been identified, 

25 the associated template can then be sequenced to decode the synthetic history of the reaction 

product Furthermore, as will be discussed in more detail below, the template may be evolved to 
guide the synthesis of another chemical compound or library of chemical compounds. 

(i) Template Format 

[0148] The template may be based on a nucleic acid sequence, for example, a DNA, an 

30 RNA, a hybrid of DNA and RNA, or a derivative of DNA and RNA, and may be single- or 
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double-Stranded. The design of a particular template may vary depending upon the. type of 

• 'i » »• 

nucleic acid templated synthesis contemplated. ' ^ 

• ' . . !■• ' 

[0149] , Figure 5 shows a variety of templates that may be useful in the practice of the 
invention. Figures 5A-C are schematic representations of templates including two codons for ' 
5 interaction with complementary anti-codons of two transfer imits. These templates C3n be used 
in the type of nucleic acid-templated synthesis where no reactive units are jinked to the template 
at the initiation of synthesis; for example, when two tiransfer units anneal to the template to bring 
, 'th^ir reactive units into reactive proximity to create a reaction product. One such example is 
polymerization. Nevertheless, the templates can be associated with a reactive unit prior to 
10 annealing of the transfer units. Figures 5D-F are schematic representations of templates that can 
be used in the type of nucleic acid-templated synthesis where one reactive unit is linked to the 
template at the initiation of synthesis, for example, when one transfer imit anneals to the template 
to bring its reactive unit into reactive prokimity with the other reactive unit linked to the template 
to create a reaction product 

1 5 [0150] Figure 5 A shows a template comprising in a 5 ' to 3 * direction, a nucleotide 

sequence encoding a first primer binding site (PBSl) or a sequence complementary thereto, a 
nucleotide sequence encoding a first codon (CI) that anneals to an anti-codon sequence of a first 
transfer unit, a nucleotide sequence encoding a second codon (C2) that aimeals to an anti-cpdon 
sequence of a second, different transfer unit, and a nucleotide sequence encoding a second 

20 primer binding site (PBS2) or a sequence complementary thereto. The primer binding sites, 

although optional, are preferred in some embodiments to facilitate PCR-based amplification of 
templates. As will be discussed in more detail below, the CI sequence is selected so as to 
minimize cross-reactivity with the anti-codon sequence of the second transfer unit, and the 02 
sequence is selected so as to minimize cross-reactivity with the anti-codon sequence of the first 

25 transfer unit. As shown in Figure 5 A, the CI and C2 sequences are separated by one or more 
intervening bases. In other words, the CI and C2 sequences do not directly abut one another. 
During nucleic acid templated synthesis, both the first and second transfer units are capable of 
binding to the template at the same time. 

[0151] Figure 5B shows a template similar to that shown in Figure 5A, except there are 

30 no intervening bases disposed between CI and C2. In other words, the CI and C2 sequences 
directly abut one another. As with the template of Figure 5A, during nucleic acid templated 
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synthesis, both the first and second transfer units afe capable to binding to the template at the 
same time. ' • ,• ' ' *' . 

[0152] Figure 5C shows* a template similar, to those shown in Figures 5A and 5B, except 

that the. sequence of Ci overl^s the sequence of C!2. .Unlike the templates of Figures 5A and 
SB, during nucleic acid teiiiplated synthesis, the first and second transfer units cannot b6th bind 
to the template the ^ame time. Thus, unless, the template is associated with a reactive<unit 
prior to the imitation of synthesis, a third icodbn^should normally be present, so that two reactive . 
units can anneal simultaneously to the template to jjenryt the reaction to proceed. This type of 
template can require a step-by-step approach ta the synthesis of the reaction product. For 
example, the transfer units with anti-codons to fcl are added first, allowed to hybridize and react, 
and then removed before the transfer units with anti-codons to C2 are added. 

[0153] Figures 5D-5F show templates similar-^o the template shown in Figure 5A, 

.1 * 

except that the template also includes a reactive unit (R) associated with, for example^ covalently 
linked to, the template. It is understood, however, that the'templates shown in both Figipre SB 
and Figure 5C may also comprise a reactive imit (R) associated with the corresponding < 
template, as shown in Figures 5D-5F. To the extent that a template is associated with a reactive 
miit, the nucleotide sequence of the template fiirther comprises a sequence of nucleotides or 
sequence tag that uniquely identifies the reactive tmit associated with the template. Following 
template mediated synthesis, the reactive unit actually attached to the template thdt participated 
in the reaction to generate the reaction product may be identified by reading the sequence of the 
sequence tag. 

[0154] In Figure 5D, R is linked to the template at a location in the vicinity of the 5' 

terminal end, for example, at the 5' end of the template or downstream of the 5* end of the 
template. In Figure 5E, R is linked to the template at a location between the 5' terminal end and 
the 3* terminal end. In this particular case, R is located at a position between CI and C2, and 
represents an example of the T type template architecture discussed in more detail below. In 
Figure 5F, R is linked to the template at a location in the vicinity of the 3' terminal end, for 
example, at the 3' end of the template or upstream of the 3' end of the template, 

[0155] It is contemplated that each of the templates shown in Figures 5A-F, may 

comprise one or more restriction endonuclease sites. For example, with reference to Figure 5A, 
the template may comprise a restriction endonuclease site disposed between (i) PBSl and CI, (ii) 
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Cl arid C2, and (iii) C2 and PBS2. The restriction endonuclease sites facilitate the use of nucleic . 

acid cassettes to easily introduce various 'sequences to replace the PBSl sequence, the CI* 

i. ■ . . . • ' • . 

sequence, the C2 sequence, the PBS2 sequence, or any combination thereof. 

[0156] In addition, the template may also incorporate a hairpin loop on one end 

5 terminating in a reactive unit that can interact with one or more reactive units associated with 
transfer units. For example; a DNA template can coinprise a hairpin loop terminating in a 5*- 
amino group, which may or may not be protected. The amino group may act as dn initiation, 
point for formation of an unnatural polymer, or may be'.modified to bind a small molecule 
scaffold for subsequent modification by reactive units of other transfer iinits. 

1 0 [01571 The Imgth of the template may vary greatly depending upon the type of the 

nucleic acid-templated synthesis contemplated. For example, in certain embodimrats, the 
template may be from 10 to 10,000 nucleotides in length, from 20 to 1,000 nucleotides in length, 
from 20 to 400 nucleotides in length, from 40 to 1,000 nucleotides in length, or from 40 to 400 
nucleotides in length. The length of the template will of course depend on, for example, the 

15 length of the codons, the complexity of the library, the complexity and/or size of a reaction 
product, the use of spacer sequences, eta 

(ii) Codon Usage 

[0158] It is contemplated that the sequence of the template may be designed in a number 

of ways without going beyond the scope of the present invention. For example, the length of the 

20 codon must be determined and the codon sequences must be set. If a codon length of two is 

used, tfien using the four naturally occuiring bases only 16 possible combinations are available to 
be used in encoding the library. If the length of the codon is increased to three (the nimiber 
Nature uses in encoding proteins), the number of possible combinations increases to 64. If the 
length of the codon is increased to four, the niunber of possible combinations increases to 256. 

25 Other factors to be considered in determining the length of the codon are mismatching, frame- 
shifting, complexity of library, etc. As the length of the codon is increased up to a certain point 
the nimiber of mismatches is decreased; however, excessively long codons likely will hybridize 
despite mismatched base pairs. 

[0159] Although the length of the codons may vary, the codons may range from 2 to 50 

30 nucleotides, from 2 to 40 nucleotides, from 2 to 30 nucleotides, from 2 to 20 nucleotides, from 2 
to 15 nucleotides, from 2 to 10 nucleotides, from 3 to 50 nucleotides, from 3 to 40 nucleotides. 
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from 3 to 30 nucleotides, from 3 to 20 nucleotides, from 3 to. 15 nucleotides, from 3 to 10 
nucleotides, from 4 to 50 nucleotides, from 4 to 40 nucleotides, from 4 to 30 nucleotides, from 4 
to 20 nucleotides, from 4 to 15 nucleotides, from 4 to 10 nucleotides, from 5 to 50 nucleotides, 
from 5 to 40 nucleotides, from 5 to 30 nucleotides, from 5 to 20 nucleotides, from 5 to 15 i 
nucleotides, from 5 to 10 nucleotides, fix>m 6 to 50 nucleotides, from 6 to 40 nucleotides,- from 6 
to 30 nucleotides, from 6 to 20 nucleotides, from 6 to 15 nucleotides, from 6 to 1 0 nufcleotides, 
from 7 to 50 nucleotides, from 7 to 40 nucleotides, from 7 to 30 nucleotides, from 7 to. 20 
•nucleotides, from 7 to 15 nucleotides, from 7 to 10 nucleotides, from 8 to 50 nucleotides, from 8 
to 40 nucleotides, from 8 to 30 nucleotides, from 8 to 20 nucleotides, from 8 to 15 nucleotides, 
from 8 to 10 nucleotides, from 9 to 50 nucleotides, from 9 to 40 nucleotides, from 9 to 30 
nucleotides, from 9 to 20 nucleotides, from 9 to 15 nucleotides, from 9 to 10 nucleotides. 
Codons, however, preferably are 3, 4, 5, 6, 7, 8, 9 or ' 10 nucleotides in length. 

[0160] In one embodiment, the sit of codons used in the template maximizes the number 

of mismatches between any two codons within a codon set to ensure that only the proper anti- 
codons of the transfer units anneal to the codon sites of the template. Furthermore, it is 
important that the template has mismatches between all the members of one codon set and all the 
codons of a different codon set to aosure fliat the anti-codons do not inadvertently bind to the 
wrong codon set. For example, with regard to the choice of codons n bases in length, each of the 
codons within a particular codon set (for example, CI in Figure 5A) should differ with one 
another by k mismatches, and all of the codons in one codon set (for example, CI in Figure 5A) 
should differ by m mismatches with all of the codons in the other codon set (for example, C2 in 
Figure 5A), Exemplary values for n, A, and m; for a variety of codon sets suitable for use on a 
template are summarized in Table 1. 



TABLE 1 















2 




1 


3 




1 


3 


2 


1 


3 


2 


2 


4 


1 


1 


4 


2 


1 



wo 2004/016767 



PCT/US2003/025984 



. • * -30 - 









'4;:, 


. 2." , 


2 • . 


4. ; 


3 


1 


4 


3 . 


2 


4 


•3 •, 


3 . 


5 - 


1 


.1 


5- V 

L.— ... 


■2 


■ l.'i • 


5 


'2 ,' 


2' 


5 


3 ■ 


1- • 


5 


,3 


2 


5. 


3 . 


3- 


•5 .. ■ 


.4 . 


1 


5 ■ 


4' 


2 


5 


4 


3 


5 


4 


4 


6 


1 


1 


6 


2 


1 


6 


2 


2 


6 


3" 


1 


6 


3 


2 


6 


3 


3 


6 


4 


1 


6 


4 


2 


6 


4 


3 


6 


4 


4 


6 


5 


1 


6 


5 


2 


6 


5 


3 


6 


5 


4 


6 


5 


5 


7 


1 


1 


7 


2 


1 



wo 2004/016767 PCT/US2003/025984 



-31 - 







PS 


'7 


2 


.2 


7 


3 


1 ' 


7 


3 


2 , 


7 


3 


3 


7 > 


4 


1 . 


7 


4 


2 


7 


4 . 


3 


7 


4 


4 


'7 


5 


1 


7 


5 


2 


7 


5 


3 


7 


5 


4 


7 


5 


5 


7 


6 


1 


7 


6 


2 


7 


6 


3 


7 


6 


4 


7 


6 


5 


7 


6 


6 


8 


1 


1 


8 


2 


1 


8 


2 


2 


8 


3 


1 


8 


3 


2 


8 


3 


3 


8 


4 


1 


8 


4 


2 


8 


4 


3 


8 


4 


4 


8 


5 


1 


8 


5 


2 



wo 2004/016767 



PCTAJS2003/025984 



* -32- 









8-.- 


5' .■• 


3; •. 


8 : 


5 


•4 


8 


5 


5 • 


8 • 


6-. 


1 . 


8 - 


6 . 


■i . . 


8 ,- 


6 


3'> ■ 


8 


'6 .' 


4 


8 


6 •■" 


5- 


8 


,6 


6 ' 


8. . 


7 . 


r 


8 . 


,7 '• 


2 


8 ' 


7 


3 


8 _ 


7 


4 


8 


7 


5 


8 


7 


6 


8 


7 • 


7 


9 


1 


1 


9 


2' 


1 


9 


2 


2 


9 


3 


1 


.9 


3 


2 


9 


3 


3 


9 


4 


1 


9 


4 


2 


9 


4 


3 


9 


4 


4 


9 


5 


1 


9 


5 


2 


9 


5 


3 


9 


5 


4 


9 


5 


5 



wo 2004/016767 



PCTAJS2003/025984 



-33- 









'9 


6 


1 


9 


6 


2 ' 


9 


6 


3 , 


9 


6 


4 


9 . 


6 


5 , 


9 


6 


6 


9 


7 ,. 


1 


9 


7 


2 


"9 


7 


3 


9 


7 


4 


? 


7 


5 


9 


7 


6 


9 


7 


7 


9 


8 


1 


9 


8 


2 


9 


8 


3 


9 


8 


4 


9 


8 


5 


9 


8 


6 


9 


8 


7 


9 


8 


8 


10 


1 


1 


10 


2 


1 


10 


2 


2 


10 


3 


1 


10 


3 


2 


10 


3 


3 


10 


4 


1 


10 


4 


2 


10 


4 


3 


10 


4 


4 



wo 2004/016767 PCT/US2003/02S984 



. , ■ -34,. 







IPS 


' 10 .. 


, 5; : 


1 • •, 


1.0; 


5 


•2 


10 


5 • 


3 • 


10 • 


•5 •, 


4 . 


10 - 


5 


.5' 


lO,' 


6 


.I. - ■ 


10 


6 : 


2' 


10 


6 

1 


r'- 


10 


,6 


4 




6 . 


5' 


10. 


.6 •. 


6 


10 • 


r- 


1. 


10 


7 


2 


10 


7 


3 


10 


7 


4 


10 


7 • 


5 


10 


7 


6 


10 


7' 


7 ■ 


10 


8 


1 


10 


8 


2 


10 


8 


3 


10 


8 


4 


10 


8 


5 


10 


8 


6 


10 


8 


7 


10 


8 


8 


10 


9 


1 


10 


9 


2 


10 


9 


3 


10 


9 


4 


10 


9 


5 



wo 2004/016767 



PCT/US2003/025984 



-35-^ 









'lo; 


.■•9. . 


6 ; 


• 10 : 


9 


7 , 


10 


9' 


8 


. 10 


9 


9 


' .11 


1 


1 


11 , 


■1\ 


•1' •■' 


11 


'2 


.'2 • 


11 


1 


"1 • 


11 


3 


2 


, 


3. . 


3 ' 


11 • 


'4' ■ 


i. 


11 


•4 


2' 


11 


4 


3 


11 


4 


4 


11 


5 


1 


11 


5 ' 


2 


11 


5 


3 


11 


5 ' 


4 • 


11 


5 


5 


11 


6 


1 


11 


6 


2 


11 


6 


3 


11 


6 


4 


11 


6 


5 


11 


6 


6 


11 


7 


1 


11 


7 


2 


11 


7 


3 


11 


7 


4 


11 


7 


5 


11 


7 


6 



V/O 20U4/0I6767 PCT/US2003/02S984 



-36- 









11 


7 


7 


11 


8 


1 


11 


8 


2 


11 


8 


3 


11 . 


8 


.4 


11 


8 


;5 


11 


8 


6 . 


11 


8 


7 


11 


8 


8 


11 


9 


1 


11 


9 


2 


11 


9 


3 


11 


9 


4 


11 


9 


5 


11 


9 


6 


11 


9 


7 


11 


9 


8 


11 


9 


9 


11 


10 


1 


11 


10 


2 


11 


10 


3 


11 


10 


4 


11 


10 


5 


11 


10 


6 




10 


7 




10 


8 




10 


9 




10 


10 


12 


1 


1 


12 


2 


1 


12 


2 


2 



wo 2004/016767 PCT/US2003/025984 



-37- 





m 




•'12:. 


■ , 3; : 


1 • •, 




3 


2 


12 


3 . 


3 


, 12 


■ ■4 ■, 


1 . 


12 


. 4 




12 , 

a 


4 


• 


12 


,4 • 


4 


12 


5 ••' 

1 


f 


12 


,5 


2 




5 


3 • 


12.. 


,5 ■. 


4 


12 


5' 


5. 


12 


6 


1 


12 


6 


2 


12 


6 


3 


12 


6 


4 


12 


6 


5 


12 


6 • 


6 • 


12 


7 


1 


12 


7 


2 


12 


7 


3 


12 


7 


4 


12 


7 


5 


12 


7 


6 


12 


7 


7 


12 


8 


1 


12 


8 


2 


12 


8 


3 


12 


8 


4 


12 


8 


5 


12 


8 


6 



wo 2004/016767 



PCT/US2003/025984 



-38- 







.;rnv;-> 


12 


8 


7 


12 


8 


8 


12 


9 


1 


12 


9 


2 


12 


9 


.3 


12 


9 


■;4 


12 


9 


5-. 


12 


9 


6 


12 


9 


>7 


12 


9 


8 


12 


9 


9 


12 


10 


1 


12 


10 


2 ■ 


12 


10 


3 


12 


10 


4 


12 


10 


5 


12 


10 


6 


12 


10 


7 


12 


10 


8 


12 


10 


9 


12 


10 


10 


12 


11 


1 


12 


11 


2 


12 


11 


3 


12 


11 


4 


12 


11 


5 


12 


11 


6 


12 


11 


7 


12 


11 


8 


12 


11 


9 


12 


11 


10 



wo 2004/016767 PCT/US2003/025984 



' - 39 - 











. ,1 1 . 


11; 


' 13 ; 


1 


1 


13 


2" 


. 1 • 


, 13 


2 . 


2 . 


■ 13 


3 


1 * 


13 


•3' 


2 


• 13 


■3 ■ 


.'3 


13 


4' • 




13 


4 


2. 


13, 


4 


3 • 


13 • 


'4' ■ 


4 


13 




1 . 


13 

1 


5 


2 


13 


5 


3 


13 


5 


4 


13 


5 • 


5 


13 


6 


1 


13 


6 ' 


2 • 


13 


6 


3 


13 


6 


4 


13 


6 


5 


13 


6 


6 


13 


7 


1 


13 


7 


2 


13 


7 


3 


13 


7 


4 


13 


7 


5 


13 


7 


6 


13 


7 


7 


13 


8 


1 


13 


8 


2 



wo 2004/016767 PCT/US2003/02S984 



-40- 









13 

.^1 


8 


.3 


13 


S 


4 


13 


8 


5 


13 


8 


6 


13 , 


8 


7 


13 


8 


•8 


• 13 


9 


,1 , 


13 


9 


2 


13 


9 


3 


13 


9 


4 


13 


9 


.5 


7 


9 


6 


13 


9 


7 


13 


9 


8 


13 


9 


9 


13 


10 


1 


13 


10 


2 


13 


10 


3 


13 


10 


4 


13 


10 


5 


13 


10 


6 


13 


10 


7 


13 


10 


8 


13 


10 


9 


13 


10 


10 


13 


11 


1 


13 


11 


2 


13 


11 


3 


13 


11 


4 


13 


11 


5 


13 


11 


6 



wo 2004/016767 



PCT/US2003/025984 



-41- 









13 


11 


7 


13 


11 


8 


13 


11 


9 


13 


11 


10 


13 , 


11 


.11 


13 


12 


;1 


■ 13 


12 


2-: 


13 


12 


■3 


13 


12 


.4 


13 


12 


.5 


13 


12 


6 


13 

r 


12 


7 


13 


12 




13 


12 


9 


13 


12 


10 


13 


12 


11 


13 


12 


,12 


14 


1 


1 


14 


2 


1 


14 


2 


2 


14 


3 


1 


14 


3 


2 


14 


3 


3 


14 


4 


1 


14 


4 


2 


14 


4 


3 


14 


4 


4 


14 


5 


1 


14 


5 


2 


14 


5 


3 


14 


5 


4 



wo 2004/016767 



PCT/US2003/025984 



' - 42 









•14 •. 


•5 . . 


5 • 


14 : 


6 


1 


14 


6' 


2 • 


14 


•6 , 


3 • 


14 




.4 , 


14 . 

1 


6' 


s •■' 


14 


6 


'6 


14 


1 


1 • 


14 


7 


2 


14. . 


7 . 


3 '. 


14 ■ 


7' • 


4.. 


14 


■7 


5' 


14 , 


7 


6 


14 


7 


7 


14 


8 


1 


14 


8 • 


2 


14 


8 


3 


14 


8 ' 


4 • 


14 


8 


5 


14 


8 


6 


14 


8 


7 


14 


8 


8 


14 


9 


1 


14 


9 


2 


14 


9 


3 


14 


9 


4 


14 


9 


5 


14 


9 


6 


14 


9 


7 


14 


9 


8 


14 


9 


9 



wo 2004/016767 



PCT/US2003/025984 



-43- 









14 

I- 


10 


1 


■ 14 


10 


2 


14 


10 


3 


14 


10 


4 


14 , 


10 


.5 


14 


10 




■ 14 


10 


7.; 


14 


10 


8 


14 


10 


9 


14 


10 


10 


14 


11 


1 


H 

r 


11 


2 


14 


11 


3 


14 


11 


4 


14 


11 


5 


14 


11 


6 


14 


11 


7 


14 


11 


8 


14 


11 


9 


14 


11 


10 


14 


11 


11 


14 


12 


1 


14 


12 


2 


14 


12 


3 


14 


12 


4 


14 


12 


5 


14 


12 


6 


14 


12 


7 


14 


12 


8 


14 


12 


9 


14 


12 


10 



wo 2004/016767 



PCT/US2003/025984 



-44- 







m ••• 


14' .• 


12. 


11 . 




12 


•12 


14 


13 


1 • 


14 • 


13, 


2 . 


14 ' 


13 , 


•3 . 


14, 


;i3 


.4' ■ 


14 


13 ' 


5- 


14 


13-" 


6 


14 


,13 


7 


14. 


13, 


8". 


14. 


.13' 


9 


14 ■ 


13 


1.0 


14, 


13 


11 


14 


13 


12 


14 


13 


13 


15 


1 


1 


15 


2 


1 


15 


2' 


2 • 


15 


3 


1 


15 


3 


2 


15 


3 


3 


15 


4 


1 


15 


4 


2 


15 


4 


3 


15 


4 


4 


15 


5 


1 


15 


5 


2 


15 


5 


3 


15 


5 


4 


15 


5 


5 


15 


6 


1 



wo 2004/016767 PCT/IIS2003/025984 



-45- 



■MM 






15 


6 


2 


15 


6 


3 


15 


6 


4 


15 


6 


5 


15 . 


6 


,6 


15 


7 


1 


' 15 


7 


,2.; 


15 


7 


'3 


15 


7 


4 


15 


7 


.5 


15 


7 


6 


15 


7 


7 


15 


8 


1 


15 


8 


2 


15 


8 


3 


15 


8 


4 


15 


8 


5 


15 


8 


6 


15 


8 


7 


15 


8 


8 


15 


9 


1 


15 


9 


2 


15 


9 


3 


15 


9 


4 


15 


9 


5 


15 


9 


6 


15 


9 


7 


15 


9 


8 


15 


9 


9 


15 


10 


1 


15 


10 


2 



wo 2004/016767 PCT/US2003/02S984 



-46'- 







-v 




10. 


■3; •• 


is; 


10 


•4 ■. 


15 


10 


.5 ■ 


15 • 


10 


6 


15 


10. 


■7 . 


15. 


.10 


•g-; ■ 


15 


10 ' 


9 


15 


■10 ' 


10 . 


15 


,11 


1 ■ 


15. 


11, 


2' 


IS- 


11 


3. ■ 


IS ' 


11 


4 


15. . 


11 


5 


15 


11 


6 


15 


11 


7 


15 


11 


8 


15 


11 


9 


15 


11 


10 


15 


11 


11 


15 


12 


1 


15 


12 


2 


15 


12 


3 


15 


12 


4 


15 


12 


5 


IS 


12 


6 


IS 


12 


7 


15 


12 


8 


15 


12 


9 


15 


12 


10 


15 


12 


11 


15 


12 


12 



wo 2004/016767 



PCT/US2003/025984 



-47- 









is 


13 


1 


15 


13 


2 


15 


13 


3 


15 


13 


4 


15 


13 


,5 


15 


13 


6 


' 15 


13 


,7'. 


15 


13 


8 


1'5 


13 


9 


15 


13 


10 


15 


13 


11 


15 


13 


12 


15 


13 


13 


15 


14 


1 


15 


14 


2 


15 


14 


3 


15 


14 


4 


15 


14 


5 


15 


14 


6 


15 


14 


7 


15 


14 


8 


15 


14 


9 


15 


14 


10 


15 


14 


11 


15 


14 


12 


15 


14 


13 


15 


14 


14 



[0161] Using an appropriate algorithm, it is possible to generate sets of codons that 

maximize mismatches between any two codons within the same set, where the codons are n 
bases long having at least k mismatches between any two codons. Since between any two 
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codons, there musrt be at least k mismatches, any tvfo subcodons of tz - - 1) bases must have at . 
least one mismatch. ' This sets an upper limit of 4"":*^^ on' the size of any («, k} codon set.' Such an 
algorithm preferably' starts with the 4""*^^ possible subcodons of iength n — (A - 1) and then tests . 
all combinations of adding A - 1 bases for those that always maintain k mismatches. All possible 
5 (n, k) sets 6an be generated.for n<6. For n >'6, the 4""*^* upper limits of codons cannot be met 
and a "full" packing of viable codons is mathematically impossible. In addition tp there, being at 
least one mismatch A: between codons within 'the. same codbn set, there should also be at least' one 
mismatch ,?n between all the codons of one codon set and all the codons of another codon' set 
Using this approach, different sets of codons cari ]be generated so that no codons are repeated. « 

10 [0162] By way of example, four (/i=5, /fc=3, m?=l^ sets, each with 64 codons, can be 

chosen that always have at least one mismatch between any two codons in different sets and at 
least three mismatches between codons in the same set' > , 

TABLE 2: Sequences of (53,1) Codon Set 1 ' . 















CCCTC 


CCGAG 


CCTCT 


CCAGA 


CGCGT 


CGGCA 


CGTAC 


CGATG 


CTCCG . 


CTGGC 


CTTTA 


CTAAT 


CACAA 


CAGTT 


CATGG 


CAACC 


GCCCA 


GCGGT. 


GCTTG 


GCAAC 


GGCAG 


GGGTC 


GGTGA 


GGACT 


GTCTT 


GTGAA 


GTTCC 


GTAGG 


GACGC 


GAGCG 


GATAT . 


GAATA 


TCCGG 


TCGCC 


TCTAA 


TCATT 


TGCTA 


TGGAT 


TGTCG 


TGAGC 


TTCAC 


TTGTG 


TTTGT 


TTACA 


TACCT 


TAGGA 


TATTC 


TAAAG 


ACCAT 


ACGTA 


ACTGC 


ACACG 


AGCCC 


AGGGG 


AGTTT 


AGAAA 


ATCGA 


ATGCT 


ATTAQ 


ATATC 


AACTG 


AAGAC 


ATCA 


AAAGT 







15 TABLES: Sequences of (5,3,1) Codon Set 2 











fT!a|.',i<i-?.:-in.Mf-.-».' .,■ 




CCCAC 


CCGTG 


CCTGT 


CCACA 


CGCCT 


CGGGA 


CGTTC 


CGAAG 


CTCGG 


CTGCC 


CTTAA 


CTATT 


CACTA 


CAGAT 


CATCG 


CAAGC 


GCCGA 


GCGCT 


GCTAG 


GCATC 


GGCTG 


GGGAC 


GGTCA 


GGAGT 
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GtCAT 


GTGTA 


GTTGC 


GTACG 


GACCC 


GAGiGG 


GATTT 


GAAAA 


TCCCG ' 


TCGGC 


TCTTA 


TCAAT . 


TGCAA 


TGGTT 


TGTGG ' 


TGACC 


TTCTC 


TTGAG ' 


! 

TTTCT 


TTAGA 


TACGT 


TAGCA , . 


TATAC 


TAATG 


ACCTT 


ACGAA 


ACTCC 


ACAGG 


AGCGC 


AGGCG 


AGTAT 


AGATA 


ATCCA • . . 


ATGGT 


ATTTG 


ATAAC 


AACAG 


AAGTC 


AATGA 


AAACT 







TABLE 4: Sequences of (5,3,1) Codon Set 3 







^ .>?V».-<'.V.'-riiS*»ii-:- 1 








CCCTG 


CCGAC 


CCTCA 


CCAGT 


CGCAT 


CGGTA 


CGTGC 


CGACG 


CTCCC 


CTGGG 


CTTTT 


CTAAA 


CACGA 


CAGCT 


CATAG. 


CAATC 


GCCAA 


GCGTT 


GCTGG 


GCACC 


GGCTC 


GGGAG 


GGTCT 


GGAGA 


GTCGT' 


GTGCA 


GTTAC 


GTATG 


GACCG 


GAGGC 


GATTA 


GAAAT 


TCCGC 


TCGCG 


TCTAT 


TCATA 


TGCCA 


TGGGT 


TGTTG 


TGAAC 


TTCAG 


TTGTC 


TTTGA 


TTACT 


TACTT 


TAGAA 


TATCC 


TAAGG 


ACCCT 


ACGGA 


ACTTC 


ACAAG 


AGCGG 


AGGCC 


AGTAA 


AGATT 


ATCTA 


ATGAT 


ATTCG 


ATAGC • 


AACAC 


AAGTG 


AATGT 


AAACA 







TABLES: Sequences of(5,3,l) Codon Set 4 











;icoa&ri!se<:i'.'/-? 




CCCAG 


CCGTC 


CCTGA 


CCACT 


CGCTT 


CGGAA 


CGTCC 


CGAGG 


CTCGC 


CTGCG 


CTTAT 


CTATA 


CACCA 


CAGGT 


CATTG 


CAAAC 


GCCTA 


CGAT 


GCTCG 


GCAGC 


GGCAC 


GGGTG 


GGTGT 


GGACA 


GTCCT 


GTGGA 


GTTTC 


GTAAG 


GACGG 


GAGCC 


GATAA 


GAATT 


TCCCC 


TCGGG 


TCTTT 


TCAAA 


TGCGA 


TGGCT 


TGTAG 


TGATC 


TTCTG 


TTGAC 


TTTCA 


TTAGT 


TACAT 


TAGTA 


TATGC 


TAACG 


ACCGT 


ACGCA 


ACTAC 


ACATG 


AGCCG 


AGGGC 


AGTTA 


AGAAT 


ATCAA 


ATGTT 


ATTGG 


ATACC 
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AACTC 


AACJAGr . 


AATCT '■ . 






I 1 



[0163] , Similarly, four (n=6, A==4, m=2) sets as, shown below, each with 64 codons, can be 
chosen that always have at least two mismatclies bjbtweeh any two codons in different codon sets 
and at least four'mismatches;between codons in the same c6don set. ■ • ' • - 

5 » . ; TABLE 6: Sequences of (6,4,2> Codon Set 1 















CCCTCC 


-TCGAAC, 


CCGCTG 


T,CTCCA ' 


CGGTAT 


TCATTT 


CCAGAA . 


TGCACT. 


CGCCGA . 


TGQGTA 


CTCAAG 


TGTTGC 


CGTGCG 


TGACAG 


CGAATC 


UCCTC 


CTACCT 


TTGTCG 


CTGGGC 


TTTGAT ■ 


CTTTTA 


TitAAGA 


.CATCAC 


JACTAA 


CACGTT 


TAGCGT 


CAGACA 


TATATG 


GCGGGT 


TAAGCC 


CAATGG 


ACCCAT 


GCCATA 


ACGTGA 


GGCGAC 


ACTGTC . 


GCTTAG 


ACAACG 


GCACGC 


AGCTTG 


GGATCA 


AGGCCC ' 


GGGAGG 


AGTAAA 


GGTCTT 


AGAGGT 


GTTACC 


ATCGCA 


GTCTGT 


ATGATT 


GTGCAA 


ATTCGG 


GAGTTC 


ATATAC 


GTAGTG 


AACAGC 


GACCCG 


AAGGAG' 


TCCGGG 


AATTCT 


GATGGA 


AAACTA 


GAAAAT 


CCTAGT 







TABLE 7: Sequences of (6,4,2) Codon Set 2 













■ Codon, l^edS 


CCCCTC 


TCGGGC 


CCGTCG 


TCTTTA 


CGGCGT 


TCACCT 


CCAAGA 


TGCGTT 


CGCTAA 


TGGACA 


CTCGGG 


TGTCAC 


CGTATG 


TGATGG 


CGAGCC 


TTCTCC 


CTATTT 


TTGCTG 


CTGAAC 


TTTAGT 


CTTCCA 


TTAGAA 


CATTGC 


TACCGA 


CACACT 


TAGTAT 


CAGGTA 


TATGCG 


GCGATT 


TAAATC 


CAACAG 


ACCTGT 


GCCGCA 


ACGCAA 


GGCAGC 


ACTACC 


GCTCGG 


ACAGTG 


GCATAC 


AGCCCG 


GGACTA 


AGGTTC 


GGGGAG 


AGTGGA 


GGTTCT 


AGAAAT 


GTTGTC 


ATCATA 


GTCCAT 


ATGGCT 


GTGTGA 


ATTTAG 


GAGCCC 


ATACGC 
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GTAACG 


AACGAC 


GACTTG 


AAGAGG 


TCCAAG 


AATCTT 

1 


GATAAA 


AAATCA 


GAAGGT 


CCTGAT 






, 1 . • • 1 
1 ■ 

TABI^ 8: Sequraices of (6,4,2) Codon Set 3 


CodonSeq. 


Codoii' Seq. , 


Godon Seq.^i . 


Gpdon Seq.' ; 


'dodph Seq. 


Codon Seq: 


CCCGAC 


TCGCCC 


CCGAGG 


TCTAAA 


CGGGCT 


TCAGGT 


CCATCA 


TGCCAT 


CGCATA 


TGGTGA 


CTCCCG 


TGTGTC 


CGtTAG 


TGAACG 


CGACGC 


TTCAGC 


CTAAAT 


TTOGAG 


CTGTTC 


TTTTCT 


CTTGGA , 


TTACTA 


CATACC 


TACGCA 


CACTGT 


TAGATT 


CAGCAA 


TATCGG 


GCGTAT 


TAATAC 


CAAGTG 


ACCACT 


GCCCGA 


ACGGTA 


GGCTCC 


ACTTGC 


GCTGCG 


ACACAG 


GCAATC 


AGCGGG 


GGAGAA 


AGGAAC 


GGGCTG 


AGTCCA 


GGTAGT 


AGATTT 


GTTCAC 


ATCTAA 


GTCGTT 


ATGCGT 


GTGACA 


ATTATG 


GAGGGC 


ATAGCC 


GTATGG 


AACCTC 


GACAAG 


AAGTCG 


TCCTTG 


AATGAT 


GATTTA 


AAAAGA 


GAACCT 


CCTCTT 






1 

TABLE 9: Sequences of (6,4,2) Codon Set 4 


CodiJn, Seqi 


'■|e6doif ■Seqi 


lP,od6nvSeq:?:,;; 


' Cpdpn; SotiV? 


•yGodioii'Seei',"^ 


Codon Seq. 


CCCAGC 


TCGTTC 


CCGGAG 


TCTGGA 


CGGATT 


TCAAAT 


CCACTA 


TGCTGT 


CGCGCA 


TGGCAA 


CTCTTG 


TGTACC 


CGTCGG 


TGAGTG 


CGATAC 


TTCGAC 


CTAGGT 


TTGAGG 


CTGCCC 


TTTCTT 


CTTAAA 


TTATCA 


CATGTC 


TACATA 


CACCAT 


TAGGCT 


CAGTGA 


TATTAG 


GGGCGT 


TAACGC 


CAAACG 


ACCGTT 


GCCTAA 


ACGACA 


GGCCTC 


ACTCAC 


GCTATG 


ACATGG 


GCAGCC 


AGCAAG 


GGAAGA 


AGGGGC 


GGGTCG 


AGTTTA 


GGTGAT 


AGACCT 


GTTTGC 


ATCCGA 


GTCACT 


ATGTAT 


GTGGTA 


ATTGCG 


GAGAAG 


ATAATC 


GTACAG 


AACTCC 


GACGGG 


AAGCTG 


TCCGCG 


AATAGT 


GATCCA 


AAAGAA 


GAATTT 


CCTTCT 
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[0164] Codons can also be chosen tb increase control over the GC content and, therefore, , 

■ ' » *i ■ . . . ' . • * • 

the melting temperature of the coddn arid anti-codon. Codons sets with a wide range in GC 

content versus AT content may result in reagents that anneal with differenl'efficiencies due to 

differetit melting temperatures. By screening for GC cpritent among different («, k) sets, the GC 

5 content for* the codon sets can be optimized. For example, the four (6, 4, 2) codon sets ?et forth 

in Tables 6-9 each contain 40 codons with identical GC content (i.e., 50% Gp content).', By ' * • 

using only these 40 codons at each position, all, the reagehts in theory will have comparable ' 

melting temperatui:es, removing potential biases in annealing that might otherwise affect 'library . 

synthesis. Longer codons that maintain a large h^iihber of mismatches such as those appropriate • 

10 for certain apptlications such as the reaction discovery system can also be chosen using this" 
approach. For example, by combining two (6, 4) sets together while matching low GC to high 
GC codons, (12, 8) sets with 64 codons all with 50% GC content can be generated for use in 
reaction discovery selections as well as other applicati6n where multiple mismatches might be * 
advantageous. These codons satisfy the requirements for encoding a 30 x 30 matrix of 

1 5 functional group combinations for reaction discovery. 

[0165] Although an anti-codon is intended to bind only to a codon, as shown in Figure 

6A, an antiH:odon may also bind to an unintended sequence on a template if complementary 
sequence is present. Thus, an anti-codon may inadvertently bind to a non-codon sequence as 
shown in Figure 6B. Alternatively, as shown in Figures 6C and 6D, an anti-codon might 

20 inadvertently bind out-of-£rame by annealing in part to one codon and in part to another codon 
(Figure 6C) or to a non-codon sequence (Figure 6D). Finally, as shown in Figure 6E, an anti- 
codon might bind in-frame to an incorrect codon, ah issue addressed by the codon sets described 
above by requiring at least one base difference distinguishing each codon. In Nature, the 
problems of noncoding sequences and out-of-frame binding (Figures 6B-D) are avoided by the 

25 ribosome. The ilucleic acid-templated methods described herein, however, do not take 

advantage of the ribosome's fidelity. Therefore, in order to avoid erroneous annealing as in 
Figures 6B-D, the templates can be designed such that sequences complementary to anti-codons 
are found exclusively at in-frame codon positions. For example, codons can be designed to 
begin, or end, with a particular base (e.g., '"G")- If that base is omitted from all other positions in 

30 the template (/.e., all other positions are restricted to T, C, and A), only perfect codon sequences 
in the template will be at the in-frame codon sequences. Similarly, the codon may be designed 
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to be sufficiently long such that its sequence is uni(^ue and does not appear elsewhere in 
template.' ■ ,* ' ^ , ' 

[0166] .When this nucleic acid-templated synthesis is used to produce a polymer, spacer 

sequences may also be placed between the codons to prevent frame shifting. More preferably, 
the bases of the template, thiat encode each polymer subunit (the '^genetic code" for the pk>lymer) 
may be chosen j^om T^able 10 to preclude or minimize the possibility of out-bf-frame annealing. 
These genetip codes reduce undesired firameshi^ed niicieic acid-templated polymier translation 
and differ in the range of expected melting tmiperature^ and in the minimuoi number of * 
mismatches that result during out-of-frame annealing. ' , 

TABLE 10; Representative Genetic Codes for Nucleic Acid-templated 
Polymers That Precli^de Out-Of-Frame Annealing 







WNT 


36 possible codons 


NWT 


36 possible codons 


SSWT 


8 possible codons 


SSST 


8 possible codons 


SSNT 


16 possible codons 


VNVNT or NVhfVT 


144 possible codons 


SSSWT or SSWST 


. 16 possible codons 


SNSNT or NSNST 


64 possible codons 


SSNWT or SWNST 


32 possible codons 


WSNST or NSWST 


32 possible codons 



where,V = A,C,orG,S=CorG, W = AorT, andN = A, C,G,orT 

[0167] As in Nature, start and stop codons are useful, particularly in the context of 

polymer synthesis, to restrict erroneous anti-codon annealing to non-codons and to prevent 
excessive extension of a growing polymer. For example, a start codon can anneal to a transfer 
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unit bearing a small molecule scaffold or a start monomer unit for use in polymer synthesis; the 

start monomer unit can be masked by a photolabile protecting group as shown in Example 9A. 

i. ' , " . * ' * 

A stop codon, if used to terminate polymer synthesis, should not conflict with any other todons 

used in the synthesis and should be of the same general format as the other codons. Generally, a 

5 stop codon. can encode a monomer unit that terminates polymerization by not providing a 

' reactive group for further attachment. For example, a stop monomer unit may contaih a blocked 

reactive group such as an acetamide rather than a primary amine as shown in Example 9A: In 

other embodiments, the stop monomer unit can include a biotinylated terminus that terminates 

the polymerization and facilitates purification of the resulting polymer. 

10 (Hi) Template Architecture 

[0168] As discussed previously, depending upon the type of nucleic acid-templated 

synthesis contemplated, the template ma^ be further associated (for example, covalently 
coupled) with a particular reactive unit. Various templates useful in nucleic acid-templated 
synthesis are shown in Figures 7A-7G, and include templates referred to as the "end-6f helix" or 
1 5 "E" templates (see. Figure 7A-C), **Hairpin" or "H" templates (see. Figure 7D), "Omega" or 
"fit" templates (see. Figure 7E-F), or *T" templates (see. Figure 7G). 

[0169] Figures 7A-C show E type template architectures where the reactive units on the 

annealed templates (denoted by A) and transfer units (denoted by B) are separated by 1 base 
(Figure 7A), 10 bases (Figure 7B) and 20 bases (Figure 7C). Figure 7D, shows a H type 

20 tenq)late architecture where the reactive unit is attached to the template (denoted by A) and the 
template folds back on itself to create a hairpin loop stabilized by a plurality of intramolecular 
bonds. As shown, the reactive imits on the aimealed template (denoted by A) and the transfer 
unit (denoted by B) are separated by 1 base. Figures 7E-F show omega type template 
architecture where the codon for the transfer unit, bearing reactive imit B, is separated firom 

25 reactive imit A on the template by 10 intervening template bases (Figure 7E) or by 20 bases 
(Figure 7F). hi Figure 7E, the omega template comprises a three base constant region (f2-3) 
and creates a seven base loop when the transfer imit aimeals to the template. In Figure 7F, the 
omega template includes a five base constant region (fi-S) and creates a fifteen base loop when 
the transfer unit anneals to the template. The loop gets larger as transfer units anneal to codons 

30 further away firom the constant region of the template. Figure 7G shows a T-type template 
architecture where the reactive units on the annealed template (denoted by A) and the transfer 
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unit (denoted by.B) are s^arated by 1 base. In Fi£;ure7G; reactive unit A is attached at .a 
location intmnediatb the 5 * and 3' teiminal'^ds of the template. Using this architecture, it is * 
contemplated that the reactive unit may be attached td the template at a location at least 10, 20, 
30, 40,'.50, 60, 70 basesor more downstream of 'the 5* end of the template and/or at least 10, 20, 
30, 40, 50,* 60, 70 baizes' or more upstream of the 3 ? end of the template. ' , 

[0170] ilie ability of the E type template architecture and the H type template • 

architecture to facilitate nucleic acid mediated qhemical. syntheses is described in, detail in . . . 
Example!. However, as a result.of perfoithingnuclejp acid mediated synt}ieses, it has tieen 
discovered that certain reactions, referred to as distance dependent reactions, do not proceed , 
efficiently when the annealed reactive units on 'the tem]>late and transfer unit are separated by 
even small numbers of bases. Using the E and H type teinplates, certain distance- dependent 
reactions may only be encoded by template bases at the reactive end of the template^ The new Q 
type template overcomes the distance dqjendence problems that can be experienced with flie E ' 
and H type templates (see, Example 5). Fuithfermore, it has been discovei:ed that the presence of 
double-stranded nucleic acids between annealed reactive units can greatly reduce the efficiency 
of templated reactions because the flexibility of a single-stranded template is required. This may 
hinder performing two or more reactions in a single nucleic acid templated step using the E or H 
architectures even though the template may contain enough bases to encode multiple reactions. 
The new T type template overcomes this problem that can be experienced with the E and H type 
templates (see. Example 5). 

JQ Tetupiaies 

[01 71] The omega architecture permits distance dependent reactions to be directed 

efficiently by nucleotide bases far away from the reaction end of the template, effectively 
overcoming their distance dependence. By way of example, in the omega architecture, five 
bases of the template are held constant at the 5 '-end of the template (see. Figure 7F). The 
transfer units contain at their 3 '-ends the complementary five bases but otherwise possess 
sequences that complement distal coding regions of the template. This permits the transfer unit 
to anneal to the distal coding regions of the template while still placing the reactive group of the 
transfer unit in close proximity by looping out large numbers of template bases that would 
ordinarily prevent a distance dependent reaction fi-om proceeding. The omega architecture 
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retairis sequence specificity because the:five bases of the transfer unit that complement the end of 

the template are insufficient by themselves to anneal to the template at room temperature. * 
• ' ■ I' ' '* ■ * ■ , 

[01721 . The usefulness of this type of template architecture is apparent, for example, in 

nucleic acid-templated reductive amination reactions. These reactions are strongly distance 

5 dependent and very little product is produced when the reaction is attempted using the hairpin or 

end-of-helijc architectures with more than oiie base of distance between the annealed amine and 

aldehyde groups. In contrast, product forms efficiently using the omega architecture even whra 

a cegion qf the template 20 bases away from the rea6tive end is used to recruit the reagent (see. 

Example S)\ No product is observed when the coding region of the transfer unit is mismatched, 

10 despite the presence of five bases at the end of the transfer unit that are complementary to the 

end of the template. 

[0173] By enabling distance-dependent nucleic acid mediated reactions to be encoded by 

bases far away from the reactive end of flie template, the omega architecture expands the types of 
reactions that can be encoded anywhere on the template. 

15 T Templates 

[0174] . The T architecture permits a single template to encode two distance-dependent 
reactions and in addition permits a template to undergo two differrat nucleotide-templated 
reactions in a single solution or in "one-pot." Using this architecture, the template can present a 
molecular scaffold through the non-Watson-Crick face of a base located in the center, rather than 

20 the end, of the template (see. Figure 7G). This permits two transfer units to anneal to either side 
of the reactive unit attached to the template and react either isimultaneously or in succ^sive steps 
to give the product of two nucleotide-templated transformations. As expected, distance 
d^endent reactions tolerate this architecture when reactive groups are proximal. Thus, the T- 
type architecture permits two sequence-specific nucleic acid-templated reactions to take place on 

25 one template in one solution, i.e., in one step, hi addition to reducing the number of separate 
DNA-templated steps needed to synthesize a target structure, this architecture may permit three- 
or more component reactions commonly used to build structural complexity in synthetic 
libraries. 

[0175] The omega and T architectures permit a broader range of template mediated 

30 reactions that can be p^ormed in fewer steps with other template architectures and are 

especially useful in distance-dq>endent reactions. The variety of available architectures provide 
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significant flexibility in the placement of reactive nliits pn templates, particularly for the 
synthesis of small moleciiles. It is contemplated that th6 reactive unit mcluding, for example, ' 
molecular scaffold ritay.be associated Vith.a template at any site along the template including the 
5*-end (e^., end-of-h^lix architecture, omega arbhitecture), the 3'-end (e.g., end-of-helix 
architecture^ omega architqcture), at the end of a hairpin loop (eg^., hairpin architecture)^ or in the 
middle of the template (e.g., T architecture). Pref^bly,.the molecular scaff9ld is attached ' • 

covalently to the template. However, in certairi fembodinients, the molecular scaffold, like thfe 

I . ...» 

other reactive units* can be brought to the template using a transfer unit, in which case the 
molecular scaffold is only associated with the template through a non-covalent (here, hydrogen > 
bonding) interaction. It is contemplated, however, that imder certain circumstances it may be 
advantageous to covaldtitly link the molecular sca£foId or another reactive unit to the template to 
produce a T- or E-type template architecture: For reactions that are not distance dependent, the 
position of the ^lolecuW scaffold along the template id more flexible because the reactive imits > 
brought to the template by the transfer umts ate. able to react with the scaffold even if the 
scafiToId and reactive group are separated by many bases. 

(iv) Template Synthesis 

{01761 The templates may be synthesized using methodologies well known in the art. 

For example, the nucleic acid sequence may be prepared using any method known in the art to 
prepare nucleic acid sequences. These methods include both in vivo and in vitro methods 
including PCR, plasmid preparation, endonuclease digestion, solid phase synthesis (for example, 
using an automated synthesizer), in vitro transcription, strand separation, eta Following 
synthesis, the template, when desired may be associated (for example, covalently or non 
covalently coupled) with a reactive unit of interest using standard coupling chemistries known in 
the art. 

[0177] By way of example, it is possible to create a library of templates via a one-pot 

modular ligation reaction using oligonucleotide cassettes shown as discussed, for example, in 
Example 9C. Specifically, it is possible to combine short oligonucleotides representing all 
transfer imit aimealing regions together with T4 DNA ligase in a single solution. Due to the 
sequCTce design of the oligonucleotide termini, the desired assembled template library is the 
only possible product when the ligation is complete. This strategy requires 2nxm short 
oligonucleotides to assemble a library of n*" templates, where n refers to the number of different 



wo 2004/016767 



PCT/US2003/025984 



- 58 - 

sequences per codon position and m refers to the niunber of codons per library member. Thus, 
for a two-codon template with 64 possible sequences per codon, 2 x 64 x 2 (256) 
oligonucleotides are required to assemble a library of 64^ (4096) templates. The one-pot 
assembly of the templates for the 83-membered macrocyclic fumaramide library is discussed in 
5 Example 9B. Excellent yields of the desired template library resulted from a 4 hour ligation 
reaction. Following ligation, T7 exonuclease was added to degrade the non-coding template 
strand (the desired coding strand is protected by its non-natural 5'-aminoethylene glycol linker). 
' This procedure can provide 20 imioles of the 5' functionalized single-stranded tjEimplate library 
(sufficient material for thousands of DNA-templated library syntheses and selections) in about 6 
1 0 hours. The constant 10-base primer binding regions at the ends of each template were sufficient 
to pemiit PCR amplification of as few as 1,000 molecules (10"^^ mol) of template fix)m this 
assembled material. 

[0178] Another approach for synthesizing templates is shown in Figure 8. In particular. 

Figure 8 shows a protocol for producing a template containing in a 5' to 3* direction^ a small 
1 5 molecule reactant, a hairpin loop, an annealing region, a coding region, and a primer binding 

site. This type of protocol may be used to synthesize a wide variety of templates, in particular, H 
type templates useful in the practice of the invention. 

[0179] An efficient method to synthesize a large variety of templates is to use a "split- 

pool" technique. The oligonucleotides are synthesized using standard 3' to 5' chemistries. First, 

20 the constant 3' end is synthesized. This is then split into n different vessels, where n is the 

number of different codons to ^pear at that position in the template. For each vessel, one of the 
n different codons is synthesized on the (growing) 5' end of the constant 3' end. Thus, each 
vessel contains, fi-om 5' to 3*, a different codon attached to a constant 3* end. The n vessels are 
then pooled, so that a single vessel contains n different codons attached to the constant 3' end. 

25 Any constant bases adjacent the 5 ' end of the codon are now synthesized. The pool then is split 
into m different vessels, where m is the number of different codons to appear at the next (more 
5') position of the template. A diffident codon is synthesized (at the 5' end of the growing 
oligonucleotide) in each of the m vessels. The resulting oligonucleotides are pooled in a single 
vessel. Splitting, synthesizing, and pooling are repeated as required to synthesize all codons and 

30 constant regions in the oligonucleotides. 
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H;, TRANSFER UNITS 

» 't * »• 

10180] A transfer unit.comprises,an oligonucleotide containing an anti'K:odon sequence* 

a reactive unit. The anti-codons are designed to be complementary to the codons present in 
the template. Accordingly, the sequences used in the template and the codon len^s should be 
considered when designing the anti-codons. Any molecule complementary to a codpn used in 
the template may be used, including natural or non-iiatural nucleotides. In certain embodiments, 
the codons include one or more bases found in nature (Le., thymidine, uracil, guanidine, 
'cytosihe, ,and adenine). Thus, the anti-codon can inClucie one or more nucleotides normally 
found in Nature with a base, a sugar, and an optional phosphate group. Alternatively, the bases 
may be connected via a backbone other than the sugar-phosphate backbone normally found in 
Nature (e.g., non-natural nucleotides). 

[0181] As discussed above, the anti-codon is associated with a particular type of reactive 

unit to form a transfer unit The reactive unit may represent a distinct entity or may be part of 
the functionality of the anti-codon unit. In certain embodiments, each anti-codon sequCTce is 
associated with one monomer type. For example, the anti-codon sequence ATTAG maybe 
associated with a carbamate residue with an isobutyl side chain, and the anti-codon sequence 
CAT AG may be associated with a carbamate residue with a phenyl side chain. This one-for-one 
moping of anti-codon to monomer units allows the decoding of any polymer of the library by 
sequencing the nucleic acid template used in the synthesis and allows synthesis of the same 
polymer or a related polymer by knowing the sequence of the original polymer. By changing 
(eg., mutating) the sequence of the template, different monomer units may be introduced, 
thereby allowing the synthesis of related polymers, which can subsequently be selected and 
evolved. In certain preferred embodiments, several anti-codons may code for one monomer unit 
as is the case in Nature. 

[0182] In certain other embodiments, where a small molecule library is to be created 

rather than a polymer library, the anti-codon generally is associated with a reactive unit or 
reactant used to modify a small molecule scaffold. In certain embodiments, the reactant is linked 
to the anti-codon via a linker long enough to allow the reactant to come into reactive proximity 
with the small molecule scaffold. The linker preferably has a length and composition to permit 
intramolecular reactions but yet minimize inteimolecular reactions. The reactants include a 
variety of reagents as demonstrated by the wide range of reactions that can be utilized in nucleic 
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acid-teihplated synthesis (see. Examples 2, 4 and 7) and can be any chemical group, catalyst 
(e.g,, organoimetallic cpmpounds), dr re&ctiyie moiety (e:g.^ electrophiles, nucleophiles^ known in 
the chemical arts. ' . . ' • ' 

[0183] . Additionally, the association between the anti-codon and the reactive unit, for 
5 example, a monomer' unit or reactant, in the transfd^ unit' may be covalent or noh-covaleht. The 
association maybe through a covalent bond and, in Certain embodiments, the covaleiit bond may 
be severable^ i ... 

[0184] Thus, the anti-codon can be asisociatjed with the reactant through a linker moiety 

(see Example ,3). The linkage can be cleavabte by light, oxidation, hydrolysis, exposure to acid, 

10 exposure to base, reduictipn, eta Fruchtel et al (1996) Angew. Chem. Int. Ed, Engl. 35: 17 
describes a variety of linkages useful in the practice of the invention. The linker facilitates 
contact ofthereactantwith the small molecule scafirpl4 and in certain embodiments,! depending • 
on the desired reaction, positions DNA as a leaving group ("autocleavable** strategy), or may 
link reactive groups to the template via the ''scarless*' linker strategy (which yields product 

IS without leaving behind an additional atom or atoms having chemical functionality), or a ""useful 
scar'' strategy (in which a portion of the linker is left behind to be fimctionalized in subsequent 
steps following linker cleavage). 

[0185] With the "autocleavable" linker strategy, the DNA-reactive group bond is cleaved 

as a natural consequence of the reaction. Jn the *'scarless" linker strategy, DNA-templated 

20 reaction of one reactive group is followed by cleavage of the linker attached through a second 

reactive group to yield products without leaving behind additional atoms cs^able of providing - - 
chemical functionality. Alternatively, a ''useful scar*' may be utilized on the theory that it may 
be advantageous to introduce useful atoms and/or chemical groups as a consequence of linker 
cleavage. In particular, a "useful scar" is left behind following linker cleavage and can be 

25 fimctionalized in subsequent steps. 

[01 86] The anti-codon and the reactive unit (monomer unit or reactant) may also be 

associated througji non-covalent interactions such as ionic, electrostatic, hydrogen bonding, van 
der Waals interactions, hydrophobic interactions, pi-stacking, etc. and combinations thereof To 
give but one example, an anti-codon may be linked to biotin, and a monomer unit linked to 
30 streptavidin. The propensity of streptavidin to bind biotin leads to the non-covalent association 
between the anti-codon and the monomer unit to form the transfer unit. 
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[0187] The specific annealing of transfer units to templates permits the use of transfer 

units at concentrations lower than concentrations used in many traditional organic syntheses. 
Thjis, transfer units can be used at submillimolar concentrations {e.g. less than 100 jiM, less than 
10 |iM, less than 1 (iM, less than 100 nM, or less than 10 nM). ■ 

in. CHEMICAL REACTIONS 

. [0188] A variety of compounds and/or libraries can be prepared using the methods 

described herein. In certain embodiments, compounds that are not, or do not resemble, nucldc 
acids or analogs thereof, are synthesized' according tq the method of the invention* In certain 
other embodiments, compoimds that are not, or do not resemble, proteins, peptid^ss, or analogs 
thereof are synthesized according to the method of the invention. . 

(i) Coupling Reactions for Small Molecule Synthesis 

(0189] In some embodiments, it is possible to create compounds such as small molecules 

using the methods described herein. These small molecules may be like natural products, non- 
polymeric, and/or non-oligomeric. The substantial interest in small molecules is due in part to 
their use as the active ingredient in many pharmaceutical preparations although they may also be 
used, for example, as catalysts, materials, or additives. 

[0190] In synthesizing small molecules using the method of the present invention, an 

evolvable template also is provided. The template can include a small molecule scaffold upon 
which the small molecule is to be built, or a small molecule scaffold may be added to the 
template. The small molecule scaffold can be any chemical compound with two or more sites 
for functionalization. For example, the small molecule scaffold can include a ring system (e.g., 
the ABCD steroid ring system found in cholesterol) with functionalizable groups coupled to the 
atoms making up the rings. In another example, the small molecule may be fee underlying 
stmcture of a pharmaceutical agent such as morphine, epothilone or a cephalosporin antibiotic. 
The sites or groups to be functionalized on the small molecule scaffold may be protected using 
methods and protecting groups known in the art. The protecting groups used in a small molecule 
scaffold may be orthogonal to one anofeer so feat protecting groups can be removed one at a 
time. 

[0191] In this embodiment, fee transfer units comprise an anti-codon associated wife a 

reactant or a building block for use in modifying, adding to, or taking away from fee small 
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molecule scafTold. The reactants or building block^ may be, for example, electrophiles (eg., 
acetyl, amides, acid chlorides, esters, nifaileis, imines), nlicleophiles (e^g., amines, hydroxyl 
groups, thiols)^ catal5^s (e.g:, organoihetallic catalysts), or side chains. THe transfer units are 
allowed to contact the. template under hydridizirig conditions. As a result of oligonucleotide 
5 aimealing,'the attachfed reactant or building block is allowed to react with a site on the spiall 
molecule scaffold. In certain embodirnents, pftrotecting groups on the small n^olecule teipplat'e ' 
are removed one at a time from the sites to be fpnctionalizfed so that the reactant of the transfer 
unit will react at only the desired position on the scaffold. ■ ' • . 

[0192] The reaction conditions, linker, reactant, and site to be functionalized are chos^ 

10 to avoid intermolecular reactions and accelerate intramolecular reactions. Sequential or 

simultaneous contacting of the template witK transfer units can be employed depending on the 
particular compound to be synthesized. In* certain embodiments of special interest, the multi-step 
synthesis of chemical compounds is provided in which the template is contacted sequentially 
with two or more transfer units to facilitate rnultirstep synthesis of comple;|c chemical 
15 compounds. , 

[0193] After the sites on the scaffold have been modified, the newly synthesized small 

molecule remains associated with the template that encoded its synthesis. Decoding the 
sequence of the template permits the deconvolutibn of the synthetic history and thereby the 
structure of the small molecule. The template can also be amplified in order to create more of 
20 the desired small molecule and/or the template can be evolved (mutagenized) to create related 
small molecules. The ^all molecule can also be cleaved fi-om the template for purification or 
screening. 

(ii) Coupling Xeadions for Polymer Synthesis 

[0194] In certain embodiments, polymers, specifically unnatural polymm, are pr^ared 

25 according to the method of the present invention. The unnatural polymers that can be created 
using the inventive method and system include any unnatural polymers. Exemplary unnatural 
polymers include, but are not limited to, peptide nucleic acid (PNA) polymers, polycarbamates, 
polyureas, polyesters, polyacrylate, polyalkylene (eg., polyethylene, polypropylene), 
polycarbonates, polypeptides with unnatural stereochemistry, polypeptides with unnatural amino 
30 acids, and combination thereof. In certain embodiments, fhc polymers comprise at least 10, 25, 
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75, TOO, 125, 150 monomer units or more. The polymers synthesized using the inventive system 

» . 'i » ' ». 

may be uised, for example, as catalysts, pharmaceuticals, metal chelators, or catalysts. 

• • ■ » 

[0195], In preparing certain umiatural polymers, the monomer units attached to the anti- 

codons may be any monomers or oligomers capablex»fb6i'ng joined together to form a polymeV. 
5 The monomer units may be, for example, carbamates, D-amino acids, imnatural amino acids, 
PNAs, ureas, hydroxy acids, esters, carbonates, acrylates, or ethers. In certain embodiments, the 
monomer imits have two reactive groups used to link the monomer unit into the' growing 
, ' pplymer, chain, as depicted in Figure 4^ Preferably^ the two reactive groups are>not the same so 
that the monomer unit may be incoiporated into the polymer in a directional sense, for example, 

10 at one end may be an electrophile and at the other end a nucleophile. Reactive groUps may 

include, but are not limited to, esters, amides, carboxylic acids, activated carbonyl groups, acid 
chlorides, amines, hydroxyl groups, and thiols. In certain embodimrats, the reactive groups are 
masked or protected (Greene et al (1999) Protective Groups in Organic Synthesis 3rd 
Edition; Wiley) so that polymerization may not take place until a desired time when the reactive 

15 groups are deprotected. Once the monomer units are assembled along the nucleic acid template, 
initiation of the polymerization sequence results in a cascade of polymerization and deprotection 
steps wherein the polymerization stq> results in deprotection of a reactive group to be used in the 
subsequent polymerization step. 

[0196] The monomer units to be polymerized can include two or more monomers 

20 depending on the geometry along the nucleic acid template. The monomer units to be 

polymerized must be able to stretch along the nucleic acid template and particularly across the 
distance spanned by its encoding anti>codon and optional spacer sequence. In certain 
embodiments, the monomer unit actually comprises two monomers, for example, a dicarbamate, 
a diurea, or a dipeptide. In yet other embodiments, the monomer unit comprises three or more 
25 monomers. Example 9C, for example, discloses the synthesis of PNA based polymers wharein 
each monomer unit comprises four PNA molecules. 

[0197] The monomer units may contain any chemical groups known in the art. Reactive 

chemical groups especially those that would interfere with polymerization, hybridization, etc,^ 
are preferably masked using known protecting groups (Greene et aL (1999) supra). In general, 
30 the protecting groups used to mask these reactive groups are orthogonal to those used in 
protecting the groups used in the polymerization steps. 
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[01981 It has been discovered that, under entertain circumstances, the type of chemical 

reaction toay affect the fidelity of fee polyinerization pirocess. For example, distance 
independent chemical reactions.(for example, reactions that occur efficieiitly when the reactive . 
units ke spaced apart by intervening bases, for example, amine acylatibn reactions) may resuh in 

5 the spurious incorpbration of the wrong monomers at a particular position of a polymer chain. In 
contrast, by choosing chemical reactions forAemplate mediated synthes ' • 

dependent (^for example, reactions that become WfFicidnt the further ' 
spaced part via intervening bases, for example, redjiptive amination reactions), it is possible 
control the fidelity of the polymerization proces?. Example 9 discusses in detail effect of using. 

1 0 distance dependent chemical reactions to enhance the fidelity of the polymerization process 
during template mediated synthesis. 

(iii) Functional Group Transformations, ' , 

[01991 ■ Nucleic acid-templated synthesis can be used to effect functional gnoup 
transformations that either (i) unmask or Qi) interconvert'functionality used in coiqiling 

1 5 reactions. By exposing or creating a reactive group within a sequence-programmed subset of a 
library, nucleic acid-templated functional group interconversions permit the generation of library 
diversity by sequential unmasking. The sequential unmasking approach offers the major 
advantage of enabling reactants that would normally lack the abiUty to be linked to a nucleic acid 
(for example, simple alkyl halides) to contribute to library diversity by reacting With a sequence- 

20 specified subset of templates in an intermolecular, non-templated reaction mode. This advantage 
significantly increases the types of structures that can be generated. 
[0200] One embodiment of the invention involves deprotection or unmasking of 

functional groups present in a reactive unit. According to this embodiment, a nucleic acid- 
template is associated with a reactive imit that contains a protected functional group. A transfer 

25 unit, comprising an oligonucleotide complimentary to the template codon region and a reagent 
capable of removing the protecting group, is annealed to the template, and the reagent reacts with 
the protecting group, removing it firom the reactive unit. To further functionalize the reactive 
unit, the exposed functional group then is subjected to a reagent not linked to a nucleic acid. In 
some embodiments, the reactive unit contains two or more protected functional groups. In still 

30 other embodiments, the protecting groups are orthogonal protecting groups that are sequentially 
removed by iterated annealing with reagents linked to transfer units. 
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[0201] ■ Another embodiment of the inventibn involves interconversions of functional 
groups present on a reactive unit. Acc6rdirig to this embodiment, a transfer 
a reagent that can catalyze a reaction is annealed to a template bearing the reactive unit. A 
reagent not linked to a nucleic acid is added to the reaction, and the transfer unit reagent 
5 catalyzes the reaction between the unlinked reagent and the reactive unit, yielding a ne^vly 
functionalized reactive unit. In some' embodiments, the. reactive unit contaii^s two or nipre ' • 
functional groups which are sequentiallY.interconveried'by iterative exposure to different tralnsfer 
unit-bdiinid teagents. . ' . • ' • 

(iv) Reaction Conditions ' , ' . ' 

1 0 [0202] Nucleic ^id-templated reactions can occur in aqueous or non-aqueous (i. e., 

organic) solutions, or a mixture of one or more.aqueous and non-aqueous solutions. In aqueous 

solutions, reactions can be performed at pH ranges fro^tn about 2 to about 12, or preferably from 

.1 

about 2 to about 10, or.more preferably jBrom about 4 to about 10. The reactions uspd in DNA- 
templated chemistry preferably should not require very basic conditions (e.^., pH > 12, pH > 10) 
15 or very acidic conditions (e,g.y pH < 1 , pH < 2, pH < 4), because extreme conditions mayilead to 
degradation or modification of the nucleic acid template and/or molecule (for example, the 
polymer, or small molecule) being synthesized. The aqueous solution can contain one or more 
morganic salts, including, but not limited to, NaCl, Na2S04, KCl, Mg^^ Mn^^ etc., at various 
concentrations. 

20 [0203] Organic solvents suitable for nucleic acid-templated reactions include, but are not 

limited to, methylene chloride, chloroform, dimethylformamide, and organic alcohols, including 
methanol and ethanol. To permit quantitative dissolution of reaction components in organic 
solvents, quatemized ammoniimi salts, such as, for example, long chain tetraalkylammonium 
salts, can be added (Jost et al. (1989) Nucleic Acros Res. 17: 2143; MeFnikov et al (1999) 

25 LANGMUm 15: 1923-1928). 

[0204] Nucleic acid-templated reactions may require a catalyst, such as, for example, 

homogeneous, heterogeneous, phase transfer, and asymmetric catalysis. In other embodiments, a 
catalyst is not required. The presence of additional, accessory reagents not linked to a nucleic 
acid are preferred in some embodiments. Useful accessory reagents can include, for example, 
30 oxidizing agents {e.g., NaI04); reducing agents {e.g., NaCNBHs); activating reagents {e.g., EDC, 
NHS, and sulfo-NHS); transition metals such as nickel {e,g., Ni(N03)2), rhodium {e,g. RhCfe), 
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nithenium (e,g. RuCla), copper {e.g. Cu(N03)2), cobalt {e.g. C0CI2), iron (e,g. Fe.(N03)3)» 

• , • ,. 

osmium {e.g. OSO4), titanium {e.g. TiCU or titanium tetraisopropoxide), palladium {e.g. 

1- ■ . • ' • ' 

NaPdCU), or Ln; transition metal Uganda (e.g., phosptunes, amines, and halides); Lewis* acids; 

and Lewis bases. 1 . t 

5 [0205] Reaction conditions preferably are optimized to suit the nature of the reactive 

units and oligonucleotides used. 

(v) Classes of Chemical Reactions ■ • 

[0206] Known chemical reactions for synthesizing polyrners, small molecules, or other 

chemical compounds can be used in nucleic acid-templated reactions. Thus, reactipns such as 
1 0 those listed in March 's Advanced Organic Chemistry^ Organic Reactions^ Organic Syntheses^ 
organic text books, joiunals such as Journal of the American Chemical Society^ Journal of 
Organic Chemistry^ Tetrahedron, etc, and Carmther's Some Modern Methods of Organic 
Chemistry can be used. The chosen reactions preferably are compatible with nucleic acids such 
as DNA or RNA or are compatible with the modified nucleic acids used as the template. 

1 5 [0207] Reactions useful in nucleic-acid templated chemistry include, for example, 

substitution reactions, carbon-caifoon bond forming reactions, elimination reactions, acylation 
reactions, and addition reactions. An illustrative but not exhaustive list of aliphatic nucleophilic 
substitution reactions useful in the present invention includes, for exanq>le, Sn2 reactions, 'SnI 
reactions, S^i reactions, allylic rearrangements, nucleophilic substitution at an aliphatic trigonal 

20 caibon, and nucleophilic substation at a vinylic caifoon. 

[0208] Specific aliphatic nucleophilic substitution reactions with oxygen nucleophiles 

include, for example, hydrolysis of alkyl halides, hydrolysis of gen-dihalides, hydrolysis of 
1,1,1-trihalides, hydrolysis of alk)4 esters or inorganic acids, hydrolysis of diazo ketones, 
hydrolysis of acetal and enol ethers, hydrolysis of epoxides, hydrolysis of acyl halides, 

25 hydrolysis of anhydrides, hydrolysis of carboxylic esters, hydrolysis of amides, alkylation with 
alkyl halides (Williamson Reaction), epoxide formation, alkylation with inorganic esters, 
alkylation with diazo compounds, dehydration of alcohols, transetherification, alcoholysis of 
epoxides, alkylation with onium salts, hydroxylation of silanes, alcoholysis of acyl halides, 
alcoholysis of anhydrides, esterfication of carboxylic acids, alcoholysis of carboxylic esters 

3d (transesterfication), alcoholysis of amides, alkylation of carboxylic acid salts, cleavage of ether 
with acetic anhydride, alkylation of carboxylic acids with diazo compounds, acylation of 



wo 2004/016767 PCT/US2003/025984 

caroxyiic acids with acyl halides; acylatiori of 6ar^xylic acids with carbdxyUc acids, fqnnation . 
of oxonium salts, preparation of peroxides W hydroperoxid preparation tpf inorganic esters 
(e,g., nitrites, nitrates, sulfonates), preparation of alcbhols from' amines, and preparation of mixed 
organic-inorganic anhydrides. ' ^ , 

5 [0209] Specific aliphatic nucleophilic sulJstiturion reactions with sulfur nucleot)hiles, 

which tend to fee better nucleophiles than their oxyigen analogs, include, for'example, attack by 
SH at an alkyl carbon to form thiols, attSck'by.S at m ?ilkyl carbon to form thioethers, attack by 
SH or SR at an acyl carbon, fonnation of disiilfide§, fprmdtion of Bunte salts, alkylatiori of, 
sulfinic; acid salts, and fonnation of alkyl thiocylanates. , 

10 [0210] Aliphatic nucleophilic substitution reactions with nitrogen nucleophiles include, 

for example, alkylation of ammes, JV-arylati6n»ofpmines, replacement of a hydroxy by an amino 
group, traiisamination, transamidation, alkylati6n of amines with diazo compounds, amination^of 
epoxides, axnination of oxetanes, amination of aziridines, amination of alkanes, formation of 
isocyanides, acylation of amines by acyl halides, acylatioh of amines by anhydrides, apylation of 

15 amines by carboxylic acids, acylation of amines by caiboxylic esters, acylation of amines by 

amides, acylation of amines by other acid derivatives, AT-alkylation or //-arylation of amides and 
imides, ^-acylation of amides and imides, formation of aziridines from epoxides, fonnation of 
nitro compounds, formation of azides, formation of isocyanates and isothiocyanates, and 
formation of azoxy compounds. 

20 [021 1] Aliphatic nucleophilic substitution reactions with halogen nucleophiles include, 

for example, attack at an alkyl carbon, halide exchange, fonnation of alkyl halides from esters of 
sulfuric and sulfonic acids, formation of alkyl halides from alcohols, formation of alkyl halides 
from ethers, formation of halohydrins from epoxides, cleavage of carboxylic esters with lithium 
iodide, conversion of diazo ketones to a-halo ketones, conversion of amines to halides, 

25 conversion of tertiary amines to cyanamides (the von Braun reaction), formation of acyl halides 
from carboxylic acids, and formation of acyl halides from acid derivatives. 

[0212] Aliphatic nucleophilic substitution reactions using hydrogen as a nucleophile 

include, for example, reduction of alkyl halides, reduction of tosylates, other sulfonates, and 
similar compounds, hydrogenolysis of alcohols, hydrogenolysis of esters (Barton-McCombie 
30 reaction), hydrogenolysis of nitriles, replacement of alkoxyl by hydrogen, reduction of epoxides, 
reductive cleavage of carboxylic esters, reduction of a C-N bond, desulfiirization, reduction of 
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acyl halides, reduction of carboxylic acids, esters, and anhydrides to aldehydes, and reduction of 
ainides to aldehydes. 

[0213], Although certain carbon nucleophiles may be too nucleophilic and/or basic to be 

used in certain embodiments of the invention, aliphatic niicleophilic substitution reactions usinfg 
5 carbon nucleophiles include, for example, coupling with silanes, coupling of alkyl halides (the 
Wurtz reaction), the reaction of alkyl halides and sulfonate esters with Group I (I A), and n (11 A) 
organometallic reagents, reaction of alkyl halides and sulfonate esters with organocuprates, . 
, ' reaction pf alkyl halides and sulfonate esters with other organometallic reagentsj allylic and 
propargylic coupling with a halide substrate, coupling of organometallic reagents with esters of 

10 sulfuric and sulfonic acids, sulfoxides, and sulfones^ coupling involving alcohols, coupling of 
organometallic reagents with carboxylic esters, coupling of organometallic reagents with 
compounds containing an esther linkage, reaction of organometallic reagents with epoxides, 
reaction of organometallics with aziridiiie, alkylation at a carbon bearing an active hydrogen, 
alkylation of ketones, nitriles, and carboxylic esters, alkylation of carboxylic acid salts, 

15 alkylation at a position a to a heteroatom (alkylation of 1,3-dithianes), alkylation of dihydro-1,3- 
oxazine (the Meyers synthesis of aldehydes, ketones, and carboxylic acids), alkylation with 
trialkylboranes, alkylation at an alkynyl carbon, preparation of nitriles, direct conversion of alkyl 
halides to aldehydes and ketones, conversion of alkyl halides, alcohols, or alkanes to carboxylic 
acids and their derivatives, the conversion of acyl halides to ketones with organometallic 

20 compounds, the conversion of anhydrides, carboxylic esters, or amides to ketones with 

organometallic compounds, the coupling of acyl halides, acylation at a carbon bearing an active 
hydrogen, acylation of carboxylic esters by carboxylic esters (the Claisen and Dieckmann 
condensation), acylation of ketones and nitriles with carboxylic esters, acylation of carboxylic 
acid salts, preparation of acyl cyanides, and preparation of diazo ketones, ketonic 

25 decarboxylation. 

[0214] Reactions which involve nucleophilic attack at a sulfonyl sulfur atom may also be 

used in the present invration and include, for example, hydrolysis of sulfonic acid derivatives 
(attack by OH), formation of sulfonic esters (attack by OR), formation of sulfonamides (attack 
by nitrogen), formation of sulfonyl halides (attack by halides), reduction of sulfonyl chlorides 
30 (attack by hydrogen), and preparation of sulfones (attack by carbon). 
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[02151 Aromatic electrophmcsubstitutionlreactioM may also be 

templated dhemistry.-Hydtogen ecchahge reactions art examples of aromatic electropyUc 
substitation re^tioAs that use hydrogen as the electrophile. Aromatic elect^ophiUc substitution . 
reactions which use nitrogen electrophiles includei for example, nitration and nitro-de- 

5 hydrogenbtion, nitrbsation of nitroso-de-hydrogenation. diazonium coupling.' direct intjroduction 
of the diazoniilm group,, and amination or aifiino-de^hydrogenation. Reactions of this type wifli 
sulfiu- electrophiles include, for example, sulfphatioii, siilfo-de-hydrogenation, halosulfonation, 
halosulfo-de-hydrogenation, sulfuriz^tion, and sulfWiation. ^ _ 
electrophiles include, for example, halogenatip'r^, and iialo-de-hydrogenation. Aromatic . 

1 0 electrophilic substimtiori reactions with carbpn electrophiles include, for example, Friedet-Crafts 
alkylation, alkylation, alkyl-de-hydrogenation, Friedel'-Crafts arylation (the SchoU reaction), 
Friedel-Crafts acylation, formylation with disubstituted formamides, formylation with 2dnc 
cyanide gnd HCl (the Gatterman reaction), formylation with chlorofoim (the Reimer-Tiemann ' 
reaction), other formylations, formyl-de-hydrogenation, carboxylation with caibonyl halides, 

15 carboxylation with caibon dioxide (the Kolbe-Schmitt reaction), amidation with isocyanates, N- 
alkylcarbamoyl-de-hydrogenation, hydroxyalkylatioo, hydroxyalkyl-de-hydrogenation, 
cyclodehydration of aldehydes and ketones, haloaDc^ation, halo-de-hydrogenation, 
aminoalkylation, amidoalkjdation. dialkylaminoalkylation, dialkylamino-de-hydrogenation, 
thioalkylation, acylation with nitriles (the Hoesdi reaction), cyanation, and cyano-de- 

20 hydrog«»ation. Reactions using oxj^en electrophiles include, for example, hydroxylation and 
hydroxy-de-hydrogenation. 

[02161 Reairangemrait reactions include, for example, the Fries rearrangement, migration 

of a nitro group, migration of a nitroso groiq> (the Fischer-Hepp Rearrangement), migration of an 
arylazo group, migration of a halogen (the Orton rearrangement), migration of an alkyl group. 
25 etc. Other reaction on an aromatic ling include flie reversal of a Friedel-Crafts alkylation, 

decarboxylation of aromatic aldehydes, decarboxylation of aromatic acids, tiie Jacobsen reaction, 
deoxygenation, desulfonation, hydro-de-sulfonation, dehalogeoation, hydro-de-halogenation, and 
hydrolysis of organometallic compounds. 

[0217J Aliphatic electrophilic substitution reactions are also useful. Reactions using the 

30 SeI , Se2 (front), Se2 (back), SnU addition-elimination, and cyclic mechanisms can be used in the 
present invention. Reactions of this type with hydrogen as the leaving group include, for 
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example, hydrogen exchange (deuterio-de-hydrogenation, deuteriation), migration.of a double . 
bbnd, and keto-enol tautomerization. Reactions with halogen electrophiles include, for example, 
halogenation of aldehydes and ketones, halogenation of cjurboxylic acids and acyl halides, and 
halogenation of sulfoxides and sulfones. Reactions with nitrogen electrophiles include, for 
5 example, aliphatic diazonium coupling, nitrosation at a carbon bearing an active hydrogen, direct 
formation of diazo compounds, conversion of amides to a-azido amides, direct amination at an 
activated position, and insertion by nitrenes. Reactions with sulfur or seleniiun dectrpphiles 
. include, for example, sulfenylation, sulfonation, and selenylation of ketones and Carboxylic 
esters. Reactions with carbon electrophiles include, for example, acylation at an aliphatic 

10 carbon, conversion of aldehydes to P-ketb esters or ketones, cyanation, cyano-de-hydrogenation, 
alkylation of alkanes, the Stork enamine reaction, and insertion by carbenes. Reactions with 
metal electrophiles include, for example, metalation with organometallic compounds, metalation 
with metals and strong bases, and conveprsion of enolates to silyl enol ethers. Aliphatic 
electrophilic substitution reactions with metals as leaving groups include, for example, 

15 replacement of metals by hydrogen, reactions between organometallic reagents and oxygen, 

reactions between organometallic reagents and peroxides, oxidation of trialkylboranes to borates, 
conversion of Grignard reagents to sulfur compoimds, halo-de-metalation, the conversion of 
organometallic compounds to amines, the conversion of organometallic compounds to ketones, 
aldehydes, carboxylic esters and amides, cyano*de-metalation, transmetalation with a metM, 

20 transmetalation with a metal halide, transmetalation with an organometallic compound, reduction 
of alkyl halides, metallo-de-halogenation, replacement of a halogen by a metal from an 
organometallic compound, decarboxylation of aliphatic acids, cleavage of alkoxides; - . • ^ 
replacement of a carboxyl group by an acyl group, basic cleavage of P-keto est^s and 
diketones, haloform reaction, cleavage of non-enolizable ketones, the Haller-Bauer reaction, 

25 cleavage of alkanes, decyanation, and hydro-de-cyanation. Electrophlic substitution reactions at 
m'trogen include, for example, diazotization, conversion of hydrazines to azides, iV-nitrosation, 
A^-nitroso-de-hydrogenation, conversion of amines to azo compounds, AT-halogenation, AT-halo- 
de-hydrogenation, reactions of amines with carbon monoxide, and reactions of amines with 
carbon dioxide. 

30 [0218] Aromatic nucleophilic substitution reactions may also be used in the present 

invention. Reactions proceeding via the S^Ar mechanism, the SnI mechanism, the benzyne 
mechanism, the SrnI mechanism, or other mechanism, for example, can be used. Aromatic 
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nucleophilic substitution reactions with oxygen nucleophiles include, for exaiiiple,.hydroxy-de- 
halosenatidn, alkali fusion of sulfonate ^alts, and replacement of OR or OAr. Reactions with 
s^lfvlf nucleophiles include, for example:, replacement by 'iSH or SR. Reactions using nitrogen 
nucleophiles include, for example, replacement by NHa, NHR, or NR2, and replacement of a , 
5 hydroxy group by an amino group: Reactions with halogen nucleophiles include, for example, 
the introduction halogens. Aromatic nucleophilic substitution reactions with hydrogen as the 
' nucleophile include, for example, reduction of phenols and phenolic esters and ethers, and 
. reduction of halides and nitro compounds. Reactiops with carbon nucleophiles include, for 
example, the Rosenmund-von Braun reaction, coupling of orgaiiometallic compounds with aryl 

1 0 halides, ethers, and carboxylic esters, arylation at a carbon containing an active hydrogen, 

conversions of aryl substrates to carboxylic acids, their derivatives, aldehydes, and ketones, and 
the Ulknann reaction. Reactions with hydrogen as the leaving group include, for example, 
alkylation, arylation, and amination of nitrogen heterocycles. Reactions with N2* as the leaving 
group include, for example, hydroxy-de-diazoniation, replacement by sulfiir-containing gcoiq;)S, 

1 5 iodo-de-diazoniation, and the Schiemann reaction. Rearrangement reactions include, for 

example, the von Richter rearrangement, the Sonunelet-Hauser rearrangement, rearrangement of 
aryl hydroxylanGiines, and the Smiles rearrangement 

[0219] Reactions involving free radicals can also be used, although the free radical 

» 

reactions used in nucleotide-templated chemistry should be carefully chosen to avoid 
20 modification or cleavage of the nucleotide template. With that limitation, firee radical 

substitution reactions can be used in the present invention. Particular free radical substitution 
reactions include, for example, substitution by halogen, halogenation at an alky! caibon, allylic 
halogenation, benzylic halogenation, halogenation of aldehydes, hydroxylation at an aliphatic 
carbon, hydroxylation at an aromatic carbon, oxidation of aldehydes to carboxylic acids, 
25 formation of cyclic ethers, formation of hydroperoxides, formation of peroxides, acyloxylation, 
acyloxy-de-hydrogenation, chlorosulfonation, nitration of alkanes, direct conversion of 
aldehydes to amides, amidation and amination at an alkyl carbon, simple coupling at a 
siisceptible position, coupling of alkynes, arylation of aromatic compounds by diazonium salts, 
arylation of activated alkenes by diazonium salts (the Meerwein arylation), arylation and 
30 alkylation of alkenes by organopalladium compounds (the Heck reaction), arylation and 

alkylation of alkenes by vinyltin compounds (the Stille reaction), alkylation and arylation of 
aromatic compoimds by peroxides, photochemical arylation of aromatic compounds, alkylation. 
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acylatioh, and carbalkoxylation of nitrogen heterocycle§ Particular reactions in which is the . 
leaving group include, for example, replaceiiient.bf the diazonium group by hydrogen, ' 
replacement of the diazonium group by chlorine or bromine, nitro-de-diazbmation, rqjlacement . 
of the diazonium group-by sulfur-containing groups, aryl' dimerization with diazoniimi salts, 
5 methylation of diazonium salts, vinylation of diazonixmi. salts, arylation of diazonium s^lts, and 
conversion of diazonium salts to aldehydes, ketones, or carboxylic acids. Free radical \, 
substitution reactions with metals as leaving grptips include, for example, coupling of Grignard 
reagents, coupling of boranes, and coupling of other organometallic reagents. Reaction with 
halogen as the leaving group are included. Other free radical substitution reactions .with various 
10 leaving groups include, for example, desulfuiization with Raney Nickel, conversion of sulfides 
to organolithiimi compounds, decarboxylative dimerization (the Kolbe reaction), the 
Hunsdiecker reaction, decarboxylative allylatioii, and decarbonylation of aldehydes and acyl . 
halides. , . ' i * 

[0220] . Reactions involving additions to carbon-carbon multiple bonds are also used in 

1 5 nucleotide-templated chemistry. Any mechanism may be used in the addition reaction including, 
for example, electrophilic addition, nucleophilic addition, free radical addition, and cyclic 
mechanisms. Reactions involving additions to conjugated systems can also be used. Addition to 
cyclopropane rings can also be utilized. Particulsp: reactions include, for example, isomerization, 
addition of hydrogen halides, hydration of double bonds, hydration of triple bonds, addition of 

20 alcohols, addition of carboxylic acids, addition of H2S and thiols, addition of ammonia and 
amines, addition of amides, addition of hydrazoic acid, hydrogenation of double and triple 
bonds, other reduction of double and triple bonds, reduction of the double and triple bonds of 
conjugated systems, hydrogenation of aromatic rings, reductive cleavage of cyclopropanes, 
hydroboration, other hydrometalations, addition of alkanes, addition of alkenes and/or alkynes to 

25 alkenes and/or alkynes (e.^., pi-cation cyclization reactions, hydro-alkenyl-addition), ene 
reactions, the Michael reaction, addition of organometallics to double and triple bonds not 
conjugated to carbonyls, the addition of two alkyl groups to an alkyne, 1,4-addition of 
organometallic compounds to activated double bonds, addition of boranes to activated double 
bonds, addition of tin and mercury hydrides to activated double bonds, acylation of activated 

30 double bonds and of triple bonds, addition of alcohols, amines, carboxylic esters, aldehydes, etc., 
carbonylation of double and triple bonds, hydrocaiboxylation, hydroformylation, addition of 
aldehydes, addition of HCN, addition of silanes, radical addition, radical cyclization. 
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halogtoation of double and triple bonds (addition oChalogen,.halogen), halolactonteation, 
haloiactaniization, addition of hypohalouS acids and hypohalites (addition of halogen, oxygen), 
addition of sulfur compounds (addition of halogen, sulfur), addition of halogen and an ammo 
group (addition of halogen, nitrogen), addition of NOX and NO2X (addition of halogen, 
5 nitrogen), addition of XN3 (addition of halogen, nitrogen), addition of alkyl halides (addition of 
• halogen, carbon), addition of acyl halides (addition of halogen, carbon), hydroxylatioft (addition 
' of oxygen, oxygen) (e.g,^ asymmetric dihydroxylation reaction with OSO4), dihydroxylation of 
aromatic rings, epoxidation (addition of oxygen, oxygen) {e,g., Sharpless asymmjetric 
epoxidation), photooxidation of dienes (addition of oxygen, oxygen), hydroxysulfenylation 

10 (addition of oxygen, sulfur), oxyamination (addition of oxygen, nitrogen), diamiiiation (addition 
of nitrogen, nitrogen), formation of aziridines (addition of nitrogen), aminosulfeiiylation 
(addition of nitrogen, sulfur), acylacyloxylation and acylamidation (addition of oxygen, carbon 
or nitrogen, carbon), 1,3-dipolar addition,' (addition of oxygen, nitrogen, carbon), Diels- Alder 
reaction,.heteroatom Diels- Alder reaction, all caxbon 3 +2 cycloadditions, dim^zation of 

15 alkenes, the addition of carbenes and caibenoids to double and triple bonds, trimerization and 
tetramerization of alkynes, and other cycloaddition reactions. 

[0221] , In addition to reactions involving additions to carbon-carbon multiple bonds, 
addition reactions to carbon-hetero multiple bonds can be used in nucleotide-templated 
chemistry. Exemplary reactions include, for example, the addition of water to aldehydes and 

20 ketones (formation of hydrates), hydrolysis of carbon-nitrogen double bond, hydrolysis of 

aliphatic nitro compounds, hydrolysis of nitriles, addition of alcohols and thiols to aldehydes and 
ketones, reductive alkylation of alcohols, addition of alcohols to isocyanates, alcoholysis of 
nitriles, formation of xanttiates, addition of H2S and thiols to carbonyl compounds, formation of 
bisulfite addition products, addition of anGunes to aldehydes and ketones, addition of amides to 

25 aldehydes, reductive alkylation of ammonia or amines, the Mannich reaction, the addition of 
amines to isocyanates, addition of ammonia or amines to nitriles, addition of amines to cari>on 
disulfide and caibon dioxide, addition of hydrazine derivative to carbon>d compounds, formation 
of oximes, conversion of aldehydes to nitriles, formation of gem-dihalides from aldehydes and 
ketones, reduction of aldehydes and ketones to alcohols, reduction of the cari>on-nitrogen double 

30 bond, reduction of nitriles to amines, reduction of nitriles to aldehydes, addition of Grignard 

reagents and organolithitmi reagents to aldehydes and ketones, addition of other organometallics 
to aldehydes and ketones, addition of trialkylallylsilanes to aldehydes and ketones, addition of 



wo 2004/016767 PCT/US2003/025984 

• * ' - 74 

conjugated alkeneS to aldehydes (the Baylis-Hillm^ reaction), the Reformatsky reaction, the 
conversion of carboxylic acid salts to ketones with, orgaiiometallic compounds, the addition of ' 
Grignard reagents to ' acid derivatives, the addition of Organometallic compounds to CO2 and CS2, . 
additioh of organometallic compounds to C=N compounds, addition of carbenes and 
5 diazoalkanfes to C=N' compounds, addition of Grignard reagents to nitriles and' isocyanates, the 
Aldol reaction, Mukaiyama Aldol and'related 'reactions, Aldol-type reactions ,bet>yeen carboxyHc 
esters or amides and aldehydes or ketones, the'iCnoevenafeel reaction (^.^;, the Nef reaction, the 
Favorskii' reaction)^ the Peterson alkeriylation reaction, the addition of active hydrogen • 
compounds to CJO2 and CS2, the Perkin reaction,' Darzens glycidic ester condensation, the 

1 0 ToUens' reaction, the Wittig reaction, the tebbe alkenylation, the Petasis alkenylation, 

alternative alkenylations^ the Thorpe reaction, the Thorpe-Ziegler reaction, addition of silanes, 
formation of cyanohydrins, addition of HCN*to'C=N and C=N bonds, the Prins reaction, the . 
benzoin condensation, addition of radicals to C=<), C=$, C=N compounds, the Ritter reaction, » 
acylation of aldehydes and ketones, addition of aldehydes to aldehydes, ftie addition of 

15 isocyanates to isocyanates (formation of caibodiimides), the conversion of carboxylic acid salts 
to nitriles, the formation of epoxides from aldehydes and ketones, the formation of episulfides 
and episulfones, the formation of p-lactones and oxetanes (e.g;, the Patemo-BUchi reaction), the 
fomiation of p-lactams, etc Reactions involving addition to isocyanides include the addition of 
water to isocyanides, the Passerini reaction, the Ug reaction, and the formation of metalated 

20 aldimines. 

[0222] Elimination reactions, including a, p, and y eliminations, as well as extrusion 

reactions, can be performed using nucleotide-templated' chemistry, although the strength of the 
reagents and conditions employed should be considered. Preferred elimination reactions include 
reactions that go by El, E2, ElcB, or E2C mechanisms. Exemplary reactions include, for 

25 example, reactions in which hydrogen is removed from one side {e,g,, dehydration of alcohols, 
cleavage of ethers to alkenes, the Chugaev reaction, ester decomposition, cleavage of quartemary 
ammonium hydroxides, cleavage of quaternary ammonium salts with strong bases, cleavage of 
amine oxides, pyrolysis of keto-ylids, decomposition of toluene-p-solfonylhydrazones, cleavage 
of sulfoxides, cleavage of selenoxides, cleavage of sulfomes, dehydrogalogenation of alkyl 

30 halides, dehydrohalogenation of acyl halides, dehydrohalogenation of sulfonyl halid^, 

elimination of boranes, conversion of alkenes to alkynes, decarbonylation of acyl halides), 
reactions in which neither leaving atom is hydrogen (e.g., deoxygenation of vicinal diols. 
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cleavage of cyclic thionocarbonates, conversion of epoxides to episulfides and alkenes, the 
Rimberg-Backliind reaction, conversion bf aziridines to alkenes, dehalogenation of vicinal 
dibalides, dehalogenation of a-halo acyl halides, and elimination of a halogen and a heteto 
group), fragmentation reactions {i.e., reactions in which carbon is the positive leaving group or • 
5 the electrofuge, such as, for example, fragmentation of y-amino and y-hydroxy halides, ' 

fragmentation of 1,3-diols, decarboxylation of p-hydrpxy earboxylic acids, decarboxylation of P- 
lactones, fragmentation of a,p-epoxy hydrazones, elimination of CO from briged bicyelic 
, . compounds, and elimination of CO2 from bridged bicyelic compounds), reactions in which ON 
or C=N bonds are formed {e.g., dehydration of aldoximes or similar compounds, conversion of 

10 ketoximes to nitriles, dehydration of imsubstituted amides, and conversion of N-alkylformamides 
to isocyanides), reactions in which C=0 bonds are formed {e,g., pyrolysis of P-hydroxy alkenes), 
and reactions in which N=N bonds are formed {e.g., eliminations to give diazoalkenes). 
Extrusion reactions include, for example,' extrusion of N2 from pyrazolines, extrusion of N2 from 
pyrazole^, extrusion of N2 from triazolines, extrusion of CO, extrusion of CO2, extrusion of SO2, 

1 5 the Story synthesis, and alkene synthesis by twofold extrusion. 

[0223] Rearrangements, including, for example, nucleophiHc rearrangements, 

electrophilic rearrangements, prototropic rearrangements, and free-radical rearrangements, can 
also be performed using nucleotide-templated chemistry. Both 1,2 rearrangements and non-1,2 
rearrangements can be performed. Exemplary reactions include, for example, carbon-to-carbon 

20 migrations of R, H, and Ar {e.g., Wagner-Meerwein and related reactions, the Pinacol 
rearrangement, ring expansion reactions, ring contraction reactions, acid-catalyzed 
rearrangements of aldehydes and ketones, the dienone-phenol rearrangement, the Favorskii 
rearrangement, the Amdt-Eistert synthesis, homologation of aldehydes, and homologation of 
ketones), carbon-to-carbon migrations of other groups {e,g,, migrations of halogen, hydroxyl, 

25 amino, etc, \ migration of boron; and the Neber rearrangement), carbon-to-nitrogen migrations of 
R and Ar {e.g,, the Hofinann reairangement, the Curtius reaiiangement, the Lossen 
rearrangement, the Schmidt reaction, the Beckman rearrangement, the Stieglits rearrangement, 
and related rearrangements), carbon-to-oxygen migrations of R and Ar (e.^., the Baeyer-Villiger 
rearrangement and rearrangment of hydroperoxides), nitrogen-to-carbon, oxygen-to-carbon, and 

30 sulfru'-to-carbon migration (e.g., the Stevens rearrangement, and the Wittig rearrangemoat), 
boron-to-carbon migrations (e,g., conversion of boranes to alcohols (primary or otherwise). 
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convereion of borahes to aldehydes, convereion of tloraiies fo carboxylic acids, conversion of 
vinylic boranes to alkenes, fonnation of 'alkynes from bpiranes and acetylides, formation of 
alkenes from boranes and acetylides, and formation of ketones from boranes and acetylides), 
electrocyclic rearrangements (€.g., of cyclobutenes and.l,3-cyclohexadienes, or conversion of 
5 stilbenes to phenanthreries); sigmatropic rearrangements (e.g., (1 j) sigmatropic migrations of 
hydrogen, (1 J) Sigmatropic migrations of carbon, conversion of vinylcycloprppanes to , . 
cyclopentenes, the Cope rearrangement, t^e Claisen rfearraiigement, the Fischer indole synthesis, 
(2,3) sigmatropic rearrangements, and the benzidine rearrangement), other cyclic rearrangements. 
(e.g., metathesis of alkenes, the di-n-methane and related rearrangements, and the Hofmann-^ 
10 Loffler and related reactions), and non-cyclic rearrangements (e.g., hydride shifts, the Chapman 
rearrangement, the Wallach rearrangement, and dyotropic rearrangements). 

[0224] • Oxidative and reductive reactio^is may also be performed using nucleptide- \ . 
templated chemistry. Exemplary reactions may involve, for example, direct electroii transfer, 
hydride transfer, hydrogen-atom transfer, formation of ester intermediates, displacement 

15 mechanisms, or. addition-elimination mechanisms. Exemplary oxidations include, for exaipple, 
eliminations of hydrogen (e.g., aromatization of six-membered rings, dehydrogenations yielding 
carbon-carbon double bonds, oxidation or dehydrogenation of alcohols to aldehydes and ketones, 
oxidation of phenols and aromatic amines to quinones, oxidative cleavage of ketones. Oxidative 
cleavage of aldehydes, oxidative cleavage of alcohols, ozonolysis, oxidative cleavage of double 

20 bonds and aromatic rings, oxidation of aromatic side chains, oxidative decarboxylation, and 

bisdecarboxylation), reactions mvolving replacement of hydrogen by oxygen (e.g., oxidation of 
methylene to carbonyl, oxidation of methylene to OH, CO2R, or OR, oxidation of arylmetfianes, 
oxidation of ethere to carboxylic esters and related reactions, oxidation of aromatic hydrocarbons 
to quinones, oxidation of amines or nitro compounds to aldehydes, ketones, or dihalides, 

25 oxidation of primary alcohols to carboxylic acids or carboxylic estere, oxidation of alkenes to 
aldehydes or ketones, oxidation of amines to nitroso compounds and hydroxylamines, oxidation 
of primary amines, oximes, azides, isocyanates, or notroso compounds, to nitro compounds, 
oxidation of thiols and other sulfrir compounds to sulfonic acids), reactions in which oxygen is 
added to the subtrate (eg., oxidation of alkynes to a-diketones, oxidation of tertiary amines to 

30 amine oxides, oxidation of thioesters to sulfoxides and sulfones, and oxidation of carboxylic 
acids to peroxy acids), and oxidative coupling reactions (e,g., coupling involving caibanoins, 
dimerization of silyl enol ethere or of lithium enolates, and oxidation of thiols to disulfides). 
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[0225] BcemplaryreductivereactiorisinCluiJe, for example, reactions involving . 

replacement of oxygien by hydrogen' (^.g-, reduction of c W)onyl to methylene in aldehydes' and * 
ketones, reduction of carboxylic acids to alcqhols, redtiction of amides to amines, reduction of 
carboxylic esters to ethers, reduction of cyclic anhydrides' to lactones an(i acid derivatives to 
5 alcohols, reduction of carboxylic esters to alcoholsj reduction of carboxylic acids and es,ters to 
alkanes, complete reduction of epoxides, redudtion. of nitro compounds to am^ines,, reduction 6f 
nitro compounds to hydroxylamines, reduction pf nitrosq'cdmpounds and hydroxylamines to' 
amines, reduction of oximes to primary amines' or aziridines, reduction of azides to J>rimary 
amines, reduction of nitrogen compounds, and r(^4"<^ti<^^ of sulfonyl halides and sulfonic acids to > 

1 0 thiols), removal of oxygen from the substrate {e\g,, reduction of amine oxides and azoxy 

compoxmds, reduction of sulfoxides and sulfon^s, reduction of hydroperoxides and peroxides, 
and reduction of aliphatic nitro compounds to oximes or nitriles), reductions that include 
cleavage (^.^., de-alkyiation of amines and amides, reduction of azo, azoxy, and hydrazo ' 
compounds to amines, and reduction of disulfides to thiols), reductive coiq>lic reactions {e,g,, 

1 5 bimolecular reduction of aldehydes and ketones to l,2-diol5, bimolecular reduction of aldehydes 
or ketones to alkenes, acyloin ester condensation, reduction of nitro to azoxy compounds, and 
reduction of nitro to azo compounds), and reductions in which an organic substrate is both 
oxidized and reduced {e.g„ the Cannizzaro reaction, the Tishchenko reaction, the Pummerer 
rearrangement, and the Willgerodt reaction). 

20 (yi) Stereoselectivity 

[0226] The chiral nature of nucleic acids raises the possibility that nucleic acid-templated 

synthesis can proceed stereoselectively without the assistance of chiral groups beyond those 
piesmt in the nucleic acid, thereby transferring not only sequence but also stereochemical 
infonnation from the template to the product. Previous studies have demonstrated that the 
25 chirality of nucleic acid templates can induce a preference for the t^plate-directed ligation of 
(D)-nucleotides over (L)-nucleotides (Kozlov et al (2000) Angew. Chem. Int. Ed. 39: 4292- 
4295; Bolli et aL (1997) A. Chem. Biol. 4: 309-320). 

[0227] During nucleic acid-templated synthesis it is possible to transfer the chirality of a 

nucleic acid template transfer unit, catalyst or a combination of the foregoing to reaction 
30 products that do not resemble the nucleic acid backbone. In some embodiments, the reactive unit 
with a chiral center is associated with the template and the reactive unit associated with the 
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transfer unit is achiral, while in other embodiments, the transfer unit's reactive unit is chiral and 
the template's reactive unit is achiral. Alternatively, both reactive units can possess chiral , 
centers. In each of these cases, the chirality of the template directs which of the chiral reactive 
unit's st^oisomers reacts preferentiaUy (ue., with a higher.rate constant) with the other reactive 
unit. 

[0228] Usefiil template architectures include the H type, E. type, Q type and T. type 

architecture. One or more t«nplate or transfer unit nucleotides may be replaced with non- . 
•nucleotidq linkers, however, replacement of the nucleotides nearest the reactive units may result 
in loss of stereoselectivity. Preferably, 5 or more consecutive aromatic nucleotides are adjacent 
to the reactive units, and more preferably 6 or more consecutive aromatic nucleotides are 
adjacent to the reactive units. 

[0229] At high salt concentrations, double-stranded DNA sequences rich in (5-Me-C)G 

repeats can adopt a left-handed helix (Z-form) rather than the usual right-handed helix (B-form). 
During DNA-templated synthesis, template-transfer unit complexes in the Z-form cause 
preferential reaction with one stereoisomer of a reactive unit, while template-transfer unit 
complexes in the B-form cause preferential reaction with the other stereoisomer of a reactive 
unit. Therefore, in some embodiments, a high concentration (e.g., at least 2.5 M, or at least 5 M) 
of a salt, such as, for example, sodium chloride (NaCl) or sodium sulfate (Na2S04) is used during 
DNA-templated synthesis. In other embodiments, the concentration of salt is low (eg., not 
greater than 100 mM) or is not present at all. The principles of DNA-templated stereospecific 
reactions are discussed in more detail in Example 6. 
(vU} Otherwise Incompatible Reactions 

[0230J It has been discovered that during nucleic acid-templated synthesis, 

oligonucleotides can simultaneously direct several different types of synthetic reactions within 
the same solution, even though the reactants involved would be cross-reactive and therefore 
incompatible under traditional synthesis conditions (see. Example 7). As a result, nucleic acid- 
templated synthesis permits one-pot diversification of synthetic library precursors into products 
of multiple reaction types. 

[02311 In one embodiment, one or more templates associated with a single reactive unit 

are exposed to two or more transfer units, each associated with a different reagent that is capable 
of reacting with the templates reactive unit. In other embodiments, one or more transfer units 
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associated with.a isingle reagent abre exposed to'tW9 or mote templates, each associated with a 

different reactive unit that is enable of reacting, with the reagent. Under the conditions of 

nucleic acid-templaled* S3aithesis, it is possit>le to haVe in a. singie solution multiple reactive units, 

(attached to the templaite and/or the transfer units) tha^ in normal synthetic reactions would cross 

react with' one another.' The nucleic acid-teni^lated chemistries described herein use v^ry low 

concentrations''of reactants.tfaat becai^se of Cj6ncei:Ltration effects do not reacf mfh one anoth^. It 

is only when the reactants are brought together via annealing of the oligonucleotide in the ' 

transfer unit to the template that their local concentrations are increased to permit a reaction 

, ■ ' ■■.»''''. ■ ' . 

occur. In some embodiments, a single accessoiry reagent (i.e., a reagent not linked. to a nucleic « 

acid or nucleic acid analbg), such as, for example, a reducing agent, an oxidizing agent, or an 

activating agent, is added to the reaction. In other embodiments, no accessory reagent is added. 

In all cases, only the reactive units and reagents that are associated with complimentary 

ohgonucleotides (i.e,, that contain complimentary codon/anti-codon sequences) react to form a' 

reaction product, demonstrating the ability of .nucleic acid-templated synthesis to direct the 

selective one-pot transformation of a single functional group into multiple distinct types of 

products. 

[0232] In another embodiment, templates and transfer units are provided as described 

above, but the template reactive units and transfer unit reagents react with one another using 
multiple different reaction types. In some embodiments, multiple different accessory reagents 
are added to the reaction. Again, only reaction products resulting from complimentary 
template/transfer unit sequences are formed in appreciable amounts. 

[0233} In certain embodiments, multiple transfer unit reagents are capable of reacting 

with each template reactive imit, and some of the transfer unit reagents can cross-react with one 
another. Even in the presence of several different cross-reactive functional groups, only reaction 
products resulting from complimentary template/transfer unit sequences are formed in 
appreciable amounts. These findings indicate that reactions of significantly different rates 
requiring a variety of accessory reagents can be directed by nucleic acid-templated synthesis in 
the same solution, even when both templates and reagents contain several different cross-reactive 
functional groups. The abiUty of nucleic acid templates to direct multiple reactions at 
concentrations that exclude non-templated reactions from proceeding at appreciable rates 
mimics, in a single solution, a spatially separated set of reactions. 
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(viii) Identification of New Chemical Reactions . 

I - ' \ * . . ' 

[0234] In another asp^t of the indention, as .illustrated in Figure 12, nucleic acid- • 

teriiplatpd synthesis can be used to discover previously luiknown chemical reactions between two 
or more reactive units. To facilitate reaction discovery, multiple templates are synthesized, each 
5 comprising a different reactive unit coupled to a different oligonucleotide. Each template 
oligonucleotide contains a coding region, wliich identifies the reactive unit attached to the 
template, and an annealing region. In some embodiments, other sequences are included in the 
, templaite pligonucleotide, including, for example, PGR primer sites. Multiple transfer units are 
also prepared, each comprising a different reagent coupled to a different oligonucleotide. 

1 0 [0235] To test for new bond-forming reactions, one or more templates are combined wifli 

one or more transfer imits under conditions that allow for hybridization of the transfer units to 
the templates. In some embodimrats, non-DNA linked accessory molecules are added to the 
reaction, such as, for example, an activating agent or a catalyst. In other embodiments, reaction 
conditions, including, for example, reaction duration, temperature, solvent, and pH, are varied to 

15 select reactions that proceed at different rates and under different conditions. 

[0236] The crude reaction mixture then is selected for particular reaction products. The 

reaction products preferably still are associated with their respective templates whose nucleotide 
sequence encodes the bond forming reactions that produced the reaction products. In some 
embodiments, the transfer unit is coupled to a capturable molecule, such as, for example, biotin. 

20 Following creation and selection of the reaction products the associated templates can be 
selected by capturing the biotin by streptavidin. In one embodiment, the streptavidin is . 
immobilized to a solid support, for example, by linkage to a magnetic bead. The selected 
templates then are amplified by PGR and subjected to DNA sequencing to determine the 
identities of the reactive unit and the reagent. In another embodiment, the reactions revealed by 

25 the above approach are characterized in a non-DNA-templated format in both aqueous and 

organic solvents using traditional reaction analysis methods including, for example, thin-layer 
chromatography, NMR, HPLC, and mass spectroscopy. 

[0237] It is theoretically possible that some of the reactions discovered will require some 

aspect of the DNA template to proceed efficiently. However, the vast majority, if not all, of the 
30 reactions discovered in this system will take place in the absence of DNA template when 
performed at typical non-DNA-templated synthesis concentrations (e.g., about 0.1 M). 
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Reactions discovered in this mannra* also are natuilally *wreH-suited for DNA-templated small 
molecule library synthesis. An illiistrative ex^ple of this embodiment appears in Example 12, 
describing the discovery of a neyr palladium-mediated coupling reaction between a terminal 
alkyne and a simple ^Ikene. ' ' 

5 (ix) Preparing ProdtuctJLibraries • , . ' 

[0238] * . A major practical difference. between trad^^ , * 

library synthesis is the scale of each maiiipul^tion. Due to the amounts of material needed for 
screening and conipound identification, traditional combinatorial syntheses typically proceed on 
the nmol-^mpl scale per library member. . In contrast, nucleic acid-templated library synthesis 
10 can take place on the finol-pmol scale because only minute quantities (e.g., about 10"^^ mol) of 
each nucleic acid-linked synthetic molecule are needed for selection and PGR amplification. 
This vast difference in scale, combined with the: single-solution formalt of the nucleic acid- 
templated libraries, simplifies significantly, the preparation of materials required for nucleic acid- 
templated library syntheses. 

1 5 [0239] libraries can be produced via the template mediated syntheses described lierein. 

For example, the template may comprise one or more reactive units (for example, scaffold 
molecules). However; in each case the template contains a coding sequence that identifies the 
particular reactive unit associated with the oligonucleotide. A library of templates is initially 
subjected to one or more nucleic acid-templated bond formation reactions using reagents 

20 attached to decoding oligonucleotides through a linker as described above. Depending upon the 
circumstances, the template library can be subjected to multiple iterations of bond formation 
reactions, wherein each intermediate product is purified before the subsequent roimd of 
reactions. In other circumstances, the intermediate products are not purified between reaction 
iterations. Preferably less than 20 bond forming reactions are required to create a library. In 

25 other embodiments, less than 10 bond fomiing reaction steps are needed, and more preferably, 
between 3 and 7 steps are needed to create a full library. 

[0240] After the final round of nucleic acid-templated bond formation reactionis has been 

performed accessory reagents can be added to protect exposed reactive functional groups on the 
reaction product, if necessary. In some embodiments, accessory reagents are added to initiate a 
30 subsequent reaction with the reaction product, such as, for example, a cyclization reaction. The 
resulting library of reaction products attached to template oligonucleotides then are purified 
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I 

and/or selected as discussed herein. As would be appreciated by one skilled in this art, libraries - 

• ' ' ' «• 

of sn^all molecules or polymers can be synthesized using die principles discussed herein. * 

' , ' • . »' ■ ' ' ' . 

[0241] , Using similar approaches, it is possible to create a library of non-natmal polymers. 

from a library of template oligonucleotides that are not initially associated with a reactive unit. ' 

5 In this case; the template encodes two or more codons which when annealed to corresponding 

anti-codons . attached to monomer units bring together «th6 monomer units in a sequence specific 

manner. The transfer units then are allowed to contact the template under conditions that pemiit 

hyt^ridizatipn of the anti-codons on each.transfer unit to the complementary codon on the 

template. Polymerization of the monomer units along the template then produces the polymer. 

10 The polymerization may be step-by-step or may be essentially simultaneous with the chain being 
formed in one large reaction with one reaction between adjacent monomers leading to the 
attachment of the next monomer. In some embodiments, the functional group or groups of each 
monomer are protected, and must be deprotected prior to polymerization. The newly synthesized 
polymer can then be cleaved from the anti-codons and the template, and selected for a desired 

15 activity or characteristic, as described herein. DNA-templated polymer synthesis reactions are 
described in more detail in Example 9 A and 9C. 

IV. SELECTION AND SCREENING 

[0242] Selection and/or screening for reaction products with desired activities (such as 

catalytic activity, binding afiSnity, or a particular effect in an activity assay) may be performed 

20 according to any standard protocol. For example, afiBnity selections may be performed 

- according to the principles used in library-based selection methods such as phage display, - - 
polysome display, and mRNA-fusion protein displayed peptides. Selection for catalytic activity 
may be performed by affinity selections on transition-state analog affinity columns (Baca et al. 
(1997) Proc. Natl. Acad. Sci. USA 94(19): 10063-8) or by function-based selection schemes 

25 (Pedersen et al, (1 998) Proc. Natl. Acad. Sa. USA 95(1 8): 1 0523-8). Since minute quantities 
of DNA (-10'^*' mol) can be amplified by PCR (Kramer et al. (1999) CURRENT Protocols IN 
Molecular Biology (ed. Ausubel, F. M.) 15.1-15.3, Wiley), these selections can be conducted 
on a scale ten or more orders of magnitude less than that required for reaction analysis by current 
methods, making a truly broad search both economical and efficient. 
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(i) Selection for Binding to Target Molecule 

' • \ ' . . , ■ 

[0243] The templates and reaction products can be selected (or screened) for binding to a 

tsirget n^olecule. In this context, selection or partitioning means any process whereby a library 
member bound to a target molecule is separated from library members not bound to target 
5 molecules. ' Selection can be accomplished by various methods known in the art. 

. [0244] The templates of the present invention! bontain a built-in function for direct 

selection and amplification. In most applications, binding to a target molecule preferably is ' 
selective, 'such that the template and the resulting reaction product bind preferentially with a , 
specific target molecule, perhaps preventing or inducing a specific biological effect. Ultimately, 
10 a binding molecule identified using the present invention may be useful as a therapeutic and/or 
diagnostic agent. Once the selection is complete, the selected templates optionally can be 
amplified and sequenced. The selected reaction products, if present in sufficient quantity, can be 
sq)arated from the templates, purified (eg, by HPLC, colunm chromatography, or other 
chromatographic method), and further characterized. 

IS (U) Target Molecules 

[0245] , Binding assays provide a rs^id means for isolating and identifying reaction 
products that bind to, for example, a surface (such as metal, plastic, composite, glass, ceramics, 
rubber, skin, or tissue); a polymer; a catalyst; or a target biomolecule such as a nucleic acid^ a 
protein (including enzymes, receptors, antibodies, and glycoproteins), a signal molecule (such as 
20 cAMP, inositol triphosphate, p^tides, or prostaglandins), a carbohydrate, or a lipid. Binding 
assays can be advantageously combined with activity assays for the effect of a reaction product 
on a function of a target molecule. 

[0246] The selection strategy can be carried out to allow selection against almost any 

target Importantly, the selection strategy does not requite any detailed structural information 
25 about the target molecule or about the molecules in the libraries. The aitire process is driven by 
the binding affinity involved in the specific recognition and binding of the molecules in the 
library to a given target. Examples of various selection procedures are described below. 

[0247] The libraries of the present invention can contain molecules that could potentially 

bind to any known or unknown target. The binding region of a target molecule could include a 
30 catalytic site of an enzyme, a binding pocket on a receptor (for example, a G-protein coupled 
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receptor), a protein surface area involved in a prbtejn-protein or protein-nucleic acid interaction . 
(preferably a hot-spot region), or a specific site, on DNA (such as the major groove). The natural 
function of the target' could be stimulated (agonized), reduced (antagonized), unaffected, or 
completely changed by the binding of the reaction product. This will depend on the precise 
5 binding mode and the particular bindihjg site the reaction product occupies on the target, 

10248] Functiojial sites (such as protein-protein interaction or catalytib sites) on protein? 

often are more prone to bind molecules than are. other more neutral surface areas on a protein. In 
addition, these functional sites nomally contain a spajler region that seems to be primarily . 
responsible for the binding energy: the so-called •^hot-spot regions" (Wells, et al (1 993) Recent ' 
10 Prog. Hormone Res.. 48: 253- 262). This phenomenon facilitates selection for molecules 
affecting the biological fiinction of a certain iarget; 

[02491 The linkage between the templatelmolepule and reaction product allows rapid . ^ 

identification of binding molecules using various selection strategies. This invention broadly 
permits identifying binding molecules for any known target molec^^^ In addition, nove(l 
15 unknown targets can be discovered by isolating binding molecules against imknown antigens 
(epitopes) and using these binding molecules for identification and validation. In another 
preferred ^bodiment, the target molecule is designed to mimic a transition state of a chemical 
reaction; one or more reaction products resulting 'from the selection may stabilize the transition 
state and catalyze the chemical reaction. 

20 (iii) Binding Assays 

[0250] The template-directed synthesis of the invention permits seliectidn procedures 

analogous to other display methods such as phage display (Smith (1985) SCIENCE 228: 1315- 
1317). Phage display selection has been used successfuUy on pq^tides (Wells et aL (1992) 
CURR. Op. Struct. Biol. 2: 597-604), protems (Maiks et al. (1992) J. Biol. Chem. 267: 16007- 

25 16010) and antibodies (Winter et aL (1994) Annu. Rev. Immunol. 12: 433-455). Sinular 
selection procedures also are exploited for other types of display systems such as ribosome 
display Mattheakis et aL (1994) Proc. Natl. Acad. Sci. 91: 9022-9026) and mRNA display 
(Roberts, et aL (1997) Proc. Natl. Acad. Sci. 94:12297-302). The hbraries of the present 
invention, however, allow direct selection of target-specific molecules without requiring 

30 traditional ribosome-mediated translation. The present invention also allows the display of small 
molecules which have not previously been synthesized directly from a nucleic acid template. 
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[0251] Selection of binding molecules from a library can be performed in any format to 

identify optimal binding molecules. Binding selections typically involve immobilizing the 
desired target molecule, adding a library of potential binders, and removing non-binders by 
washing. When the molecules showing low affinity fpr an immobilized targjBt are washed away, 
5 the molecules with a stronger affinity generally remain attached to the target. The enriched 
population remaining bound to the target aflfer stringent washing is preferably elated with, for 
example, acid, chaotropic salts, heat, competitive elution with a known ligand or by proteol>^c 
. release of the target and/or of template molecules. The duted templates are suitable for PGR, 
leading to many orders of amplification, whereby essentially each selected template becomes 
1 0 available at a greatly increased copy number for cloning, sequencing, and/or fiirther enrichment 
or diversification. 

[0252] In a binding assay, when the concentration of ligand is much less than that of the 

target (as it would be during the selection of a DNA-templated library), the fraction of ligand 
boimd to target is detennined by the effective concentration of the target protein (see, Figure 
15 10). The fraction of ligand boimd to target is a sigmoidal function of the concentration of target, 
with the midpoint (50% bound) at [target] = ^ of the ligand-target complex. This relationship 
indicates that the stringency of a specific selection — the minimimi ligand affinity required to 
remain bomd to the target during the selection — is determined by the target concentration. 
Therefore, selection stringency is controllable by varying the effective concentration of target. 

20 [0253] The target molecule (peptide, protein, DNA or other antigen) can be immobilized 

on a solid support, for example, a container wall, a wall of a microtiter plate well. The library 
preferably is dissolved in aqueous binding buffer in one pot and equilibrated in the presence of 
immobilized target molecule. Non-binders are washed away with buffer. Those molecules that 
may be binding to the target molecule through their attached DNA templates rather than through 

25 their synthetic moieties can be eliminated by washing the bound library with unfunctionalized 
templates lacking PGR primer binding sites. Remaining bound library members theu can be 
eluted, for example, by denaturation. 

[0254] Alternatively, the target molecule can be immobilized on beads, particularly if 

there is doubt that the target molecule will adsorb sufficiently to a container wall, as may be the 
30 case for an unfolded target eluted from an SDS-PAGE gel. The derivatized beads can then be 

used to separate high-affinity library members from nonbinders by simply sedimenting the beads 
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in a benchtop centKfuge. Alternatively, the beads cjan be used to make an affinity colunm. In 
such cases, the library is passed through'the, column one or more times to permit binding. The ' 
column then is wash^ to remove nonbinding library members. Magnetic tieads are essentially a 
variant on the above; the target is attached to magnetic beads which are then used in the 
5 selection. • • ' ' » 

[0255] There af e many reactive matrices available for immobilizing the target molecule, 

including matrices bearing -NH2 groups or -SH 'groups. The target molecule can be immobilized 
by conjugation with NHS ester or maleimide gro.ups .coyalently linked to l^epharose beads and 
the integrity ofknown properties ofthe target molecule caii be verified. Activated beads are . 
10 available with attachn(ient sites for -NH2 or -COOH groups (which can be used for coupling). 
Alternatively, the target molecule is blotted onto nitrocellulose or PVDF. When using a blotting 
strategy, the blot should be blocked (e.g., with BSA or similar protein) after immobijization of 
the target to prevent nonspecific binding of library members to the blot. ' ' 

[0256] Library members that bind a target molecule can be released by denaturatioh, 

15 acid, or chaotropic salts. Alternatively, elution conditions can be more specific to reduce ' 

background or to select for a desired specificity. Elution can be accomplished using proteolysis 
to cleave a linker between the target molecule and the immobilizing sxurface or between the 
reaction product and the template. Also, elution can be accomplished by competition with a 
known competitive ligand for the target molecule. Alternatively, a PGR reaction cian be 
20 performed directly in the presence of the washed target molecules at the end of the selection 
procediu-e. Thus, the binding molecules need not be elutable fi-om the target to be selectable 
since only the template is needed for further amplification or cloning, not the reaction product 
itself. Indeed, some target molecules bind the most avid ligands so tightly that elution would be 
difficult. 

25 [0257] To select for a molecule that binds a protein expressible on a cell surface, such as 

an ion channel or a transmembrane receptor, the cells themselves can be used as the selection 
agent. The library preferably is first exposed to cells not expressing the target molecule on their 
surfaces to remove library members that bind specifically or non specifically to other cell surface 
epitopes. Alternatively, cells lacking the target molecule are present in large excess in the 

30 selection process and separable (by fluorescence-activated cell sorting (FACS), for example) 
fi-om cells bearing the target molecule. In either method, cells bearing the target molecule then 
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are used to isolate library members bearing the target molecule (e.g,j by sedimenting the cells or 

.1 • ' ». 

by FACS sorting). For example, a recombinant DNA encodiiig the target molecule can be 

i. • . , * • ' 

introduced into a cell line; library members that bind the transformed cells but not the 

untransformed cells are enriched for target molecule binders. This approach is also called . 

5 subtraction.selection and has successfully been used iFor phage display on antibody libraries 

(Hoogenboom et al (1998) Immunotech 4: 1- 20). , . 

[0258] A selection procedure can also involve selection for binding to cell surface 

, reqeptdrs ^hat are internalized s.o that the. receptor tofeeflier with the selected binding molecule 
passes into the cytoplasm, nucleus, or other cellular compartment, such as the Golgi or 
10 lysosomes. Dep^ding on the dissociation rate constant for specific selected binding molecules, 
these molecules may localize primarily within the intracellular compartments. Internalized 
library members can be distinguished from molecules attached to the cell surface by washing the 
cells, preferably with a denaturant. Mor^ preferably, standard subcellular fractionation 
techniques are used to isolate the selected library members in a desired subcellular compartment. 

1 5 [0259] An alternative selection protocol also includes a known, weak ligand affixed to 

each member of the library. The known ligand guides the selection by interacting with a defined 
part of the target molecule and focuses the selection on molecules that bind to the same region, 
providing a cooperative effect. This can be particularly useful for increasing the affinity of a 
ligand with a desired biological function but with too low a potency. 

20 [0260] Other methods for selection or partitioning are also available for use with the 

present invention. These include, for example: immunoprecipitation (direct or indirect) where 
the target molecule is captured together with library members; mobility shift assays in agarose or 
polyacrylamide gels, where the selected library members migrate with the target molecule in a 
gel; cesium chloride gradient centrifiigation to isolate the target molecule v^th library members; 

25 mass spectroscopy to identify target molecules labeled with library members. In general, any 
method where the library member/ target molecule complex can be separated from library 
members not bound to the target is useful. 

[0261] The selection process is well suited for optimizations, where the selection steps 

are made in series, starting with the selection of binding molecules and ending with an optimized 
30 binding molecule. The procedures in each step can be automated using various robotic systans. 
Thus, the invention permits supplying a suitable library and target molecule to a fully automatic 
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system which finally generates an optimized bindinjg molecule. Under ideal conditions, this 
process should run without any requirentent ifoi: external 'work outside the robotic system during 
the entire procedure. ' . . ' . ' ' . , . . ' . • 

[0262] . The selection methods of the present invention can be combined with secondary 

5 selection or screening to identify reactibii products' capable of modifying target moleculb 

fiuiction upon bihding., Thus, the methods .described herein can be employed to isolate or. 

produce binding molecules that bind to and mod[ify the function of any protein or nucleic acid. . 

For example, nucleic acid-templated chemistry can he u?ed to identify, isolate, or produce , 

binding molecules (1) affecting catalytic activity of target enzymes by inhibiting catalysis or , 
» ■ ' • . 

10 modifying substrate binding; (2) affecting the functionality of protein receptors, by inhibiting 

binding to receptors or by 'modifying the specificity of bihding to receptors; (3) affecting the 

formation of protein multipliers by disrupting the quaternary structure of protein sublimits; or (4) 

modifying transfport properties of a protein by disrupting transport of small molecules or ions. 

[0263] Functional assays can be included in the selection process. For example, .after 

1 5 selecting for binding activity, selected library members can be directly tested for a desired ■ 
functional effect, such as an effect on cell signaling. This can, for example, be performed via 
FACS methodologies. . 

[0264] The binding molecules of the invention can be selected for other properties in 

addition to binding. For example, to select for stability of binding interactions in a desired 
20 working environment. If stability in the presence of a certain protease is desired, that protease 

can be part of the buffer medium used diiring selection. Siniil^^ 

performed in serum or cell extracts or in any type of mediirai, aqueous or organic. Conditions 
that disrupt or degrade the template should however be avoided to allow subsequent 
amplification. 

25 (iv) Other Selections 

[0265] Selections for other desired properties, such as catalytic or other functional 

activities, can also be performed. Generally, the selection should be designed such that library 
members with the desired activity are isolatable on that basis firom other library m^bers. For 
example, library members can be screened for the ability to fold or otherwise significantly 
30 change confonnation in the presence of a target molecule, such as a metal ion, or under 

particular pH or salinity conditions. The folded library members can be isolated by performing 
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non-denaturing gel electrophoresis under the condition^ of interest. The folded library members . 
migrate to a different position in tht gel and Q^a subsequently be extracted from the gelarid 
isolated. . . ** . , * ■ ' * , • • ' 

10266] . Similarly, reaction products that fluoresce in the presence of q>ecific ligands may 

5 be selected by FACl^ based sorting of translated pblymers linked throng their DNA templates to 
beads. Those bWds that fluoresce in the presence, but not in the absence, of the target ligand are 
isolated and characterized. Useful beads with a homogenous population of nucleic acid- . 
templates on any bead can be prepared using. the split-pool synthesis techiiique on the bead, such 
that each bead is exposed to only a single nucleotide sequence. Alternatively, a different ariti; 
10 template (each complementary to only a single^ different template) can by synthesized on beads 
using a spHt-pool technique, and then can anheal to capture a solution-phase library. 

[0267] Biotin-tenninated bidpolyniersi can be splected for the actual catalysis of bond- . ^ 

breaking reacticnris by passing these biopolymers over a resin linked through a substrate to avidin 
(Figure 11 A). Those biopolymers that catalyze substrate cleavage self-elute from a column 
15 charged with this resin. Similarly, biotin-terminated biopolymers can be selected for the • 

catalysis of bond-forming reactions (see. Figure IIB). One substrate is linked to resin and the 
second substrate is linked to avidin. Biopolymers that catalyze bond formation between the 
substrates are selected by their ability to react the substrates together, resulting in attachment of 
the biopolymer to the resin. 

20 [0268] Library members can also be selected for their catalytic effects on synthesis of a 

polymer to which the template is or becomes attached. For example, the library member may 
influence the selection of monomer units to be polymerized as well as how the polymerization 
reaction takes place (e.g., stereochemistry, tacticity, activity). The synthesized polymers can be 
selected for specific properties, such as, molecular weight, density, hydrophobicity, tacticity, 

25 stereoselectivity, using standard techniques, such as, electrophoresis, gel filtration, centrifugal 
sedimentation, or partitioning into solvents of different hydrophobicities. The attached template 
that directed the synthesis of the polymer can then be identified. 

[0269] Library members that catalyze virtually any reaction causing bond formation 

between two substrate molecules or resulting in bond breakage into two product molecules can 
30 be selected using the schemes proposed in Figures 12 and 13. To select for bond forming 

catalysts (for example, hetero Diels-Alder, Heck coupling, aldol reaction, or olefin metathesis 
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catalysts), library members are covalently linked to one substrate through their 5' amino or thiol 
teraiini The other substrate of the reaction is synthesized as a derivative linked to biotin. When 
dilute solutions of library-substrate conjugate are combined with the substrate-biotin conjugate, 
those.library members that catalyze bond foraiation cause the biotin group to become covalently 
5 attached to themselves. Active bond fomiing catalysts can then be separated from inactive 
library members by capturing the former with immobilized streptavidin and washing ^way 
inactive library members (Figure 12). 

[Q2701 . In an analogous maimer, library menibers that catalyze bond cleavage reactions 
such as retro-aldol reactions, amide hydrolysis, elimination reactions, or olefin dihydroxylation 

1 0 followed by periodate cleavage can be selected. In this case, library members are covalently 

linked to biotinylated substrates such that the bond breakage reaction causes the disconnection of 
the biotin moiety from the library members (Figure 13). Upon incubation under reaction 
conditions, active catalysts, but not inactive library members, induce the loss of their biotin 
groups. Streptavidin-linked beads can then be used to capture inactive polymers, while active 

15 catalysts are able to be eluted from the beads. Related bond fomiation and bond cleavage 
selections have been used successfully in catalytic RNA and DNA evolution (Jaschke ei al 
(2000) CuRR. Opin. Chem. Biol. 4: 257-62) Although these selections do not explicitly select 
for multiple turnover catalysis, RNAs and DNAs selected in this manner have in general proven 
to be multiple turnover catalysts when separated from their substrate moieties (Jaschke et al 

20 (2000) CuRR. Opin. Chem. Biol. 4: 257-62; Jaeger et al. (1999) Proc. Natl, ACAD. Sa. USA 
96: 14712-7; Bartel et al (1993) SCIENCE 261: 1411-8; Sen et al (1998) CURR. OPm. CHEM. 
Biol. 2: 680-7). 

[02711 In addition to simply evolving active catalysts, the in vitro selections described 

above are used to evolve non-natural polymer libraries in powerful directions difficult to achieve 

25 using other catalyst discovery approaches. Substrate specificity among catalysts can be selected 
by selecting for active catalysts in the presence of the desired substrate and then selecting for 
inactive catalysts in the presence of one or more undesired substrates. If the desired and 
undesired substrates differ by their configuration at one or more stereocenters, enantioselective 
or diastereoselective catalysts can emerge from rounds of selection. Similarly, metal selectivity 

30 can be evolved by selectmg for active catalysts in the presence of desired metals and selecting 
for inactive catalysts in the presence of undesired metals. Conversely, catalysts with broad 
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substrate tolerance can be evolved by varying subs^ate structures between successive roun<k of 
selection. " 

(v) Iterative Selection 

[02721 * , Iterating a selection by loading eluant from a first selection into a second selection 

5 multiplies the net enrichment No intervening amplifica^^^ . . 

example, a selection ftrliin^g to carbonic aijhydrase beads permitted a 330-fold enrictanent of 
a ligand. , Ap'plication of the eluant direcfly to fresh carbonic anhydrase beads (see. Example 11) 
enriched the template encoding the carbonic anhydrase ligand >1 0,000-fold. Where the selection 
was repeated a third time,^ a 5,000,000-fold net enrichrnent of the ligand was observed. This • 

10 result indicates that iterating library selections* can lead to very large enrichments of desired 

molecules. In certain embodiments, a first rpund of selection provides at least a 50-fold increase 
in the number of binding ligands. Preferal>ly,.flia incr^e in enrichments is ovct 100-fold, more 
preferably over 1,000 fold, and even more preferably over 100,000-fold. Subsequent rounds of 
selection may fiirther increase the enrichment 100-fold over the original library, preferal?ly 

15 1,000-fold, more preferably over 100,000-fold, and most preferably over 1,000,000-fold. . 

102731 Alternatively, following PCR amplification of DNA templates encoding selected 

synthetic molecules, additional rounds of translation, selection, and amplification can be 
conducted to enrich the library for high affmity binders. The stringency of the selection is 
gradually increased by increasing the salt concentration of the binding and washing buffers, 

20 decreasing the duration of binding, elevating the binding and washing tenq>eratures, and 

increasing the concentration of washing additives such as template DNA or unrelated proteins. 

[02741 Importantly, in vitro selections can also select for specificity in addition to 

binding affinity. Library screening methods for binding specificity typically require duplicating 
the entire screen for each target or non-target of interest. In contrast, selections for specificity 

25 can be performed in a single experiment by selecting for target binding as well as for the 

inability to bind one or more non-targets. Thus, the library can be pre-depleted by removing 
library members that bind to a non-target. Alternatively, or in addition, selection for binding to 
the target molecule can be performed in the presence of an excess of one or more non-targets, as 
described in Example 11. To maximize specificity, the non-target can be a homologous 

30 molecule. If the target molecule is a protein, appropriate non-target proteins include, for 

example, a generally promiscuous protein such as an albumin. If the binding assay is designed 
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to target only a specific portion of a target molecule, the non-target can be a variation on the 

*i ' *■ . 

molecule in which that portion has been changed or removed. ; 

' ■ ' . . !'•■ ■' ■ . . ' 

(vi) Amplification and Sequencing 

[02751 OncG all rounds of selection are complete, the templates Mrhich are, or formerly 

5 were, associated with the selected reaction product preferably are amplified using, any -suitable 
technique to facilitate sequencing or other subsequent 'manipulation of the templates. Natural 
oligonucleotides can be amplified by any state of the art method. These methods include, tot 
* example, polymerase chain reabtion (PGR); nucleic acid sequence-based amplification (see, for 
example, Compton (1991) Nature 350: 91-92), amplified anti-sense UNA (see, for example, 

10 van Gelder et aL (1 988) Proc. Natl. Acad. Sci. USA 85; 77652-77656); self-systained 

sequence replication systems (Gnatelli et al (1990) ProC. Natl. Acad. Sci. USA 87: 1874- 
1878); polymerase-independent amplification (see, for example, Schmidt et aL (1997) Nucleic 
Acms Res. 25: 4797-4802, and in vivo amplification of plasmids carrying cloned DNA 
firagments. Descriptions of PGR methods are found, for example, in Saiki et al (1985) Science 

15 230: 1350-1354; Scharf al (1986) SCIENCE 233: 1076-1078; and in U.S. Patent No. 4,683,202. 
Ligase-mediated amplification methods such as Ligase Chain Reaction (LCR) may also be used, 
hi general, any means allowing faithful, efficient amplification of selected nucleic acid 
sequences can be employed in the method of the present invention. It is preferable, although not 
necessary, that the proportionate representations of the sequences after amplification reflect the 

20 relative proportions of sequences in the mixture before amplification. 

: [02761 For non-natural nucleotides the choices of efficient amplification procedures are 

fewer. As non-natural nucleotides can be incorporated by certain enzymes including 
polymerases it will be possible to perform manual polymerase chain reaction by adding the 
polymerase during each extension cycle. 

25 {02771 For oligonucleotides containing nucleotide analogs, fewer methods for 

amplification exist. One may use non-enzyme mediated amplification schemes (Schmidt et al. 
(1997) NUCLEIC Acids Res. 25: 4797-4802). For backbone-modified oligonucleotides such as 
PNA and LNA, this amplification method may be used. Alternatively, standard PCR can be 
used to amplify a DNA fi-om a PNA or LNA oligonucleotide template. Before or during 

30 amplification the templates or complementing templates may be mutagenized or recombined in 
order to create an evolved library for the next round of selection or screening. 
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(vii) Sequence Determination 

[0278] Sequehcing can be done by i stafidard dideoxy chain termination method, or by 

chemical sequencing, for example, using the Maxam-Gilbert sequencmg procedure, ' 
Alteniatively,. the sequence of the template (or, if a long template is used, the variable portion(s) 

5 thereof) clin be determined by hybridization to a chip (see. Example 12). For example, a single- 
stranded template mqleoule associated with a^etectible nioiety such as a fluorescent moiety i^ 
exposed to a chip bearing a large number o^ clpnal populations of single-stranded nucleic acids, 
or nucleic acid analogs of known sequence^ each clpii^ population being present at a particular 
addressable location on the chip. The template sequences are permitted to anneal to the chip. 

10 sequences. The position of the detectable moieties on the chip then is determined. Based upon 
the location of the detectable moiety and the immobilized sequence at that location, the sequence 
of the template can be determined. It is contemplated that large numbers of such ^ 
oligonucleotides can be immobilized in an array on a chip or other solid sui)port.. 

(viii) Diversification 

1 5 [0279] Inventive libraries can be evolved by introducing mutations at the DNA level, for 

example, using error-pione PGR (Cadwdl et aL (1992) PGR METHODS Appl. 2: 28) or by 
subjecting the DNA to in vitro homologous recombfaiation (Stemmer (1994) Proc. Natl. Acad. 
SCL USA 91: 10747; Straamer (1994) Nature 370: 380). 

[0280] Small molecule evolution using mutation and recombination offers two potential 

20 advantages over simple enrichment If the total diversity of the library is much less than the 
number of molecules made (typically 10^^ to 10*^, every possible library member is present at 
the start of the selection. In this case, diversification is still useful because selection conditions 
can change as rounds of evolution progress. For example, later rounds of selection can be 
conducted under higher stringencies and can involve counterselections against binding to non- 
25 target molecules. Diversification gives library members that have been discarded during earlier 
rounds of selection the chance to reappear in later rounds under altered selection conditions in 
which then- fitness relative to other members may be greater. In addition, it is quite possible to 
generate a synthetic library that has a theoretical diversity greater than 10*^ molecules. In this 
case, diversification allov/s molecules that never existed in the original library to emerge in later 
30 rounds of selections on the basis of their similarity to selected molecules, similar to the way in 
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which protein evolution searches the vastness of protein sequence space one small subset at a 
time. 

' • . !' »■•• ■ . . , 

i(viii)(a) Error-prone PCR 

[0281] Random point mutagenesis is perfonned by conducting the PCR amplification 

5 . step under error-prone PCR (Cadwell e/ a/. (1992) PCR METHODS APPLIC. 2: 28.-33);Conditions. 
Because the genetic code of these molecules are written to assign related codons to related 
chemical groups, similar to the way that the natural protein genetic code is constructed, random 
point mutations in the templates encoding selected molecules will diversify progeny toward^ 
chemically related analogs. Because error-prone PCR is inherently less efficient than normal 
1 0 PCR, error-prone PCR diversification is preferably conducted with only natural dATP, dTTP, 
dCTP, and dGTP and using primers that lack chemical handles or biotin groups. 

(viU)(b) Recombination \ 

[0282] Libraries may be diversified using recombination. For example, templates to be 

recombined may have the structure shown in Figure 14, in which codons are sqparated by five- 

1 5 base non-palindromic restriction endonuclease cleavage sites such as those cleaved by AvaU 
(G/GWCC, W=A or T), Sai/961 (G/GNCC, N=A, G, T, or C), Ddel (C/TNAG), or HinPl 
(G/ANTC). Following selections, templates encoding desired molecules are enzymatically 
digested with these commercially available restriction enzymes. The digested fiiagments then are 
recombined into intact templates with T4 DNA ligase. Because the restriction sites sq>arating 

20 codons are nonpalindromic, template firagments can only reassemble to form intact recombined 
templates OHgure 14)^^^^ 

recombined small molecules. In this way, functional groups between synthetic small molecules 
with desired activities are recombined in a maimer analogous to the recombination of amino acid 
residues between proteins in Nature. It is well appreciated that recombination explores the 
25 sequence space of a molecule much more efficiently than point mutagenesis alone (MinshuU et 
al (1999) CURR. Opin. Chem. Biol. 3: 284-90; Bogarad et al (1999) Proc. Natl. Acad. Scl 
USA 96: 2591-5; Stemmer Nature 370: 389-391). 

[02831 A preferred method of diversifying library members is tiirougji nonhomologous 

random recombination, as described, for example, in WO 02/074978; US Patent Application 
30 Publication No. 2003-0027 180-Al; and Bittker et al (2002) NATURE BIOTECH. 20(10): 1024-9. 
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(iiiy)f€) Random Cassette Mutagenesis 

• 'i * . 

[0284] Random cassette mutagenesis is useiiil to creaite a diversified library fi-om a fixed 

starting sequence. Thus, such a method ban be used, for example, after a library has been 

subjected to selection and one or more library members have been isolated and sequenced. • 

5 Generally,, a library of oligonucleotides with variations on the starting sequence is generated by 

' traditional chemical synthesis, error-prone PGR, or other methods. For example, a library of 

oligonucleotides can be generated in which, for each nucleotide position in a codon, the 

• nucleotide has a 90% probability of being identical .to the starting sequence at that position, and a 

10% probability of being different. The oligonucleotides can be complete templates when 

10 synthesized, or can be fiagments that are subsequently ligated with other oligoniicleotides to 

form a diverse library of templates. 

V- USES 

[0285] The methods and compositiojos of the present invention represent new ways to 

generate molecules with desired properties. This approach marries extremely powerfiil genetic 

15 methods, which molecular biologists have taken advantage of for decades, with the flexibility 
and power of organic chemistry. The ability to prepare, amplify, and evolve unnatural polymers 
by genetic selection may lead to new classes of catalysts that possess activity, bioavailability, 
stability, fluorescence, photolability, or other properties that are difficult or impossible to achieve 
using the limited set of building blocks found in proteins and nucleic acids. Similarly, 

20 developing new systems for preparing, amplifying, and evolving small molecules by iterated 
cycles of mutation and selection may lead to the isolation of novel ligands or drugs with 
properties superior to those isolated by slower traditional drug discovery methods. 

[0286] For example, unnatxural biopolymers useful as artificial receptors to selectively 

bind molecules or as catalysts for chemical reactions can be isolated. Characterization of these 
25 molecules would provide important insight into the ability of polycarbamates, polyureas, 
polyesters, polycarbonates, polypeptides with unnatural side chain and stereochemistries, or 
other unnatural polymers to form secondary or tertiary structures with binding or catalytic 
properties. 

[0287] The present invention further allows the discovery of new chemical reactions. 

30 The field of chemistry is continually being transformed by the discovery of new chemical 
reactions providing access to previously inaccessible molecules, allowing for expedited 
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syntheses, and revealing new chemical principles; Guided by predictions of reactivity based on 
literature precedent, chemists typicaUy search for a new reaction to overcome a particular 
shortcoming in current synthetic methodology. Until now, it has not been feasible to conduct a 
broad, non-biased search for chemical reactivity in which a large number of diverse reactants are 
simultaneously evaluated for their ability to react with one another under many different , 
conditions. Both' the amount of material required for executing thousands of diverse reactions 
and the difficulty of analyzing the outcome of such an expbriment makes this goal intractable • 
using current reaction discovery approaches. Ahroad, non-biased search for chemical reactivity 
is appealing because it is not hmited by conventional wisdom or by our ability to predict 
functional group reactivity; 

[02881 The inventive method of discbvering'new chemical reactions and chemical 

reactivity has several advantages over existing methods. For example, several groups have 
developed high^ttiroughput screens to test the efficiency of a particular reactibn under a variety 
of conditions (Kuntz et al. (1999) CURR. OpiN. Chem. BlOL. 3: 313-319; Francis et al. (1998) 
CURR. Opin. Chem. Biol. 2: 422-428; Pawlas etal. (2002) J. Am. Chem. Soc. 124: 3669-3679; 
Lober et al. (2001) J. Am. Chem. Soc. 123: 4366-4367; Evans et al. (2002) CURR. OPiN. Chbm. 
Biol. 6: 333-338; Taylor et al. (1998) SCIENCE 280: 267-270; and Stambuli et al. (2001) J. Am. 
Chem. Soc. 123: 2677-2678); however, the screens are limited to a small set of reaction types. 
Reactions have been analyzed in a high-throughput manner using fluorescence spectroscopy, 
colorimetric assay, thermographic analysis, and traditional chromatography (Dahmai et al. 
(2001) Synthesis-Stuttgart 1431-1449 and Wramemers (2001) COMBINATORIAL Chemistry 
& High Throughput SCREENmo 4: 273-285). Most hi'^^i^ou^piut screens for chanical 
reactivity are useful for only a small set of reaction types because the screra depends on a 
particular property of the reaction such as the disappearance of an amine or the production of 
protons. As a result, high throughput screening methods can be useful for discovering catalysts 
for a known or anticipated reason, but are poorly suited to discover novel reactivity different 
from a reaction of interest A non-biased search for chemical reactions would examine a broad 
range of both reaction conditions and reactants in a highly efficient manner that is practical on 
the scale of thousands of different reactions. The inventive method of discovering chemical 
reactions offers a much greater chance of discovering unexpected and unprecedented reactivity 
fliat may lead to new insights into reactivity and to useful new reactions for chemical synthesis. 



wo 2004/016767 PCT/US2003/025984 

» 

' -97- 

[02.89] Discovering new reactions from very large and diverse collection? of reactants 

.1 » * »• 

arid conditions entails (1) a general assay for reactivity that does not depend on a particular 

substrate or product, and (2) increasing the overall efficiency of assaying reactions such'that both 

reaction condition space and reactant space can be searched extensively. For example, 

5 researchers evolving catalytic nucleic acids routinely select for bond formation catalysts by 

• attaching one reactant to the pool of evolving nucleic acids and linking another reactant to a 

• handle that can be easily immobilized such as biotiri (Wilson et al. (1999) ANNiJ.»REy. BioCHEM. 
, 68: 611-647; Jaschke (2001) CURR. Opin. Struct. Biol. 1 1 : 321-326; Jaschke et aL (2000) 
tuRR. Opin. Chem. Biol. 4: 257-262; Jaschke (200i) Biol. Chem. 382: 1321-1325), Active 

10 nucleic acids become linked to the handle and are separated from the inactive sequences. 

Because this type of selection does not dq>end on the consumption or generatioh of a specific 
substrate or product, the scope of reactants that can' be tested in this type of selection is much 
larger than the scope of reactants that cap be evaluated in current reactivity screens. 

[0290] ■ Nucleic acid-templated synthesis provides a way to use bond formation selections 
15 to discover new chemical reactivity independent of nucleic acid catalysis (Gartner et aL (2002) 
Angew. Chem, Int. Ed. 41: 1796-1800; Gartner et al (2001) supra). Nucleic acid templates 
can direct a wide variety of chemical reactions in a highly sequence-specific manner without any 
obvious requirements for reaction geometry. By attaching reactants to appropriately designed 
nucleic acid sequences, it becomes possible to test thousands of unprecedented reactions in a 
20 single pot with individual sequences encoding each reaction. Pools of nucleic acid-linked 
reactants would be truly selected (not simply screened) for covalent bond fomiation with 
members of a second nucleic acid-linked reactant pool. PGR amplification and DNA sequencing 
would reveal which combinations of reactants successfully imdergo bond formation. 

[0291] In certain embodiments, the searchable reactions are those transformations that 

25 can occur in aqueous or substantially aqueous medium. In other embodiments, the searchable 
reactions are limited to those that do not degrade nucleic acids rapidly. The known chemical 
robustness of DNA suggests that a wide range of reaction conditions spanning different 
temperatures, pH ranges, and additives such as transition metals are compatible with the 
proposed approach. A DNA-templated Heck reaction demonstrates that transition metal 
30 catalyzed reactions are viable in a DNA-templated format, consistent with extensive evidence 
(Patolsky et al. (2002) J. Am. Chem. Soc. 124: 770-772; Weizman et aL (2002) J. Am. Chem. 
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SOC. 124: 1568-1569; Gartner (2002) Angew; Ci^EM. INT. Ed. 41: 1796-1800; Czlapinski , 
etal (2001) J. Am. Chem. Soc. 123: 8618-86^9^ Holmiin etaL (1998) J. Am. Ghem. Soc! 120: 
9724-9725; Baslikiri' et al. (1994) J. Am. Cl<EM. Soc.' 1 16: 5981-5982; Mafeda et aL (1994) J. 
Am. Chem. Soc. 116; 7439-7440; and Dandlik^r era/. (1997) Science'275: 1465-1468) that 
5 DNA is compatible wifli inany transition metal complexes, including those containing pd, Ni, 
Mn, Pt, Ru^ Osv Cu, Eu, and Rh. Further, the' rapid increase in the number of known water- ' 
compatible organic reactions (Li et all Orgdjtic 'reaction* in aqueous media (Wiley and Sons,' 
New York, 1997) and the inherent benefits of working in aqueous solvents suggests that, water is 
a rich medium for discovering new reactions. Reactions discovered in this effort may be of i 
1 0 general utility when performed in a standard non-nucleic acid-templated mode, and are also 
natural candidates for ixse in generating nucleic acid-templated synthetic libraries. 

[0292] Nucleic acid-templated chemistry is combined with in vitro selection and PCR 

amplification in certain embodiments to efficiently search for novel bond-f6nning reactions 
independent of reactant structures. The ability to select directly for covalent bond formation, the 
15 minute scale required for analysis, and compatibility of nucleic acids with a wide variety of 
reaction conditions may permit the first search for unprecedented reactivity that can examine 
thousands of combinations of reactants aiid reaction conditions in one or several experiments. 

[0293] The reaction generality and distance independence of DNA-templated synthesis 

allows for a system for discovering new chemical reactions by selection. DNA-linked reactants 

20 (i.e., templates and/or transfer units) suitable for in vitro selection for bond formation exist in 
one or two forms designated pool A and pool B in Figure 9. Each reactant in pool B contains a 
functional group being tested linked to a short segment of biotinylated DNA (a coding region) 
encoding that functional group. Each reactant in pool A contains a functional group being tested, 
a corresponding coding region, and an "aimealing region*' or anti-codon that complements one of 

25 the pool B coding regions. Each functional group in pool A is linked to one of every possible 
annealing region. This arrangement allows any functional group in pool A to join any functional 
group in pool B on the same DNA duplex, providing the opportunity for DNA-templated bond 
formation if the reactants are mutually reactive. Generating these two pools of DNA-linked 
reactants in a format suitable for in vitro selection for bond formation requires the development 

30 of methods to efficiently assemble a small molecule reactant, a coding region, and in the case of 
pool A, a library of annealing regions. 
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[02941 The inventive system is particularly useful for the identification of small- 

molecule/target bindmg pairs. For instance, inventive DNA-templated small molecule libraries 
may be contacted with other solution or solid-phase libraries of potential target compounds such 
that small molecules within die inventive library that bind or interact with pne or more 
5 compounds in the target libraries are identified. Preferably, bound pairs may be identified by 
selection {e.g., by tagging one of the components, combined with PGR to identify the other). In 
certain particularly preferred embodiments of this aspect of the invention, the target Ubrary or 
' libraries comprise polypeptides and/or proteins. < . ■ 
[0295] As described herein, the present invention also provides new modes of nucleic 

1 0 acid-templated synthesis, including simultaneous incompatible reactions and one pot multi-step 
ordered synthesis (e,g., incubating three DNA-linked amino acids and one template so that only a 
single tripeptide, of specified sequence, is produced). The invention also provides nucleic acid- 
templated synthesis in organic solvents i[e.g., methylene chloride, dimethylformamide). 
[0296] Yet another application of the inventive system is to identify and/or eVolve new 

15 templates for nucleic acid-templated synthesis. For instance, the present invention allows 

identification of nucleic acid templates that, when contacted with reagents that are sufficient to 
participate in a reaction to generate a selectable product, most efficiently lead to production of 
that product. 

[0297] The invention also provides information useful to inform the development of 

20 chemical reaction pathways. For instance, according to the present invention, a researcher can 
select from within a library of nxicleic acid-templated substrates those that permit a complex 
chemical reaction to take place (e.g,, macrocyclization, which can be selected for by, for 
example, loss of a biotin leaving group). When successful reaction conditions have been 
identified, the inventive system allows ready identification of participating components. Thus, 
25 new chemistries can be developed without prior knowledge of the reagents and/or pathways 
likely to be useful in the reaction. 

VI. KITS 

[0298] The present invention also provides kits and compositions for use in tiie inventive 

methods. The kits may contain any item or composition useful in practicing the present 
30 invention. The kits may include, but are not limited to, templates, ie.g., end-of-helix, hairpin, 
omega, and T architectures), anticodons, transfer units, monomer units, building blocks. 
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reactants, small molecule scaffolds, buffers, solvei^ts, enzymes (e.g., heat stable polymerase, 
reverse transcriptase, Kgase, restriction fendpnuclease, exonuclease, Klenow fragment, ' * 
polymerase, alkaline' phosphatase, polynucl^tide kinase), linkers, protecting groups,. ■ 
polynucleotides, nucleosides, nucleotides, salts, acids, bases, solid supports, or any combinations 
5 thereof. * ' ' * 

[02991 ' A kit fpr preparing unnatural polymers should contain items needed to prepare . 
unnatural pojymers using the methods described herein. Such a kit may include templates,, anti-. 
codons, triansfer units, monomers units, or combinatiop? thereof. A kit foir synthesizing small 

molecules may include templates, anti-codons, transfer units, building blocks, small molecule, 

» ^ ■ / - • 

10 scaffolds, or combinations thereof. 

[0300] The mventi ve kit can also- be .equipped with items needed to amplify and/or 

evolve a polynucleotide template siich as a heat stable polymerase for IPCR, nucleotides, buffer, ^ 
and primers. In certain other embodiments, the inventive kit includes items comnfionly used in 
performing DNA shuffling such as polynucleotides, ligase, and nucleotides. 

15 [0301] In addition to the templates and transfer units described herein, the present' 

invention also includes compositions con^prisiiig complex small molecules, scaffolds, or 

unnatural polymer prepared by any one or more of the methods of the invention as described 

» 

herein. 

[0302] A kit for identifying new chemical reactions or functionality may include 

20 template asisociated with reactive units (reactants), transfer units associated with reactive units 

(reactants); reagentsracids, bases, catalysts, solvents, biotin, avidin, avidin.beads, etc:. The kitr :r 
can also include reagents for generating the template associated with a reactive group (e.^., 
biotin, polynucleotides, reactive units, Klenow fragment of DNA pol I, nucleotides, avidin 
beads, etc). The kit can also include reagents for PGR (c.^., buffers, heat stable polymerase, 
25 nucleotides, primers, etc). 

[0303] The following examples contain important additional information, 

exemplification and guidance that can be adapted to the practice of this invention in its various 
embodiments and equivalents thereof. 
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[0304] E;xamples I and 2 describe the preparatibn of materials for use'in nucldic acid- 

templated synthesis and describe specific synthetic reactions. Example 3 discusses multi-step 
synthesis. Example 4 describes the compatibility of nucleic acid-templated synthesis with 
5 organic solvents. Example 5 describes specific template architectures useful in the practice of 
certain DNA-templated syntheses. Example '6 describe^ stereoselectivity in nucleic acid- ^ • 
templated synthesis^ Example 7 describ6s the use of D>TArtemplated synthesis to direct 
otherwise mconipatible reactions in a single soliitiop; Example 8 describes' functional group* 
transformation reactions that can be carried out bp nucleic acid-templated synthesis. Example 9 
10 describes the synthesis of ex^plary compounds and lihiraries. Example 10 describes the use of 
polymerases to translate DNA into nonnatural polymers. Example 11 describes in vitro 
selection protocols. Example 12 describes' tfa^ ^plication of DNA-teihplated synth^is toward ^ 
the discovery oif new chemical reactions. 

Example 1; The Generality of DNA-^Templated Synthesis 

1 5 [0305] Nucleic acid-templated synthesis is extremely versatile and permits the synthesis 

of a variety of chemical compounds. This Example d^onstrates that it is possible to perform 
DNA-templated synthesis using two different DNA template architectures. 

[0306] As shown in Figure 15, templates with a hairpin (H) or end-of-helix (E) 

architecture bearing electrophilic maleimide groups were prepared to test their reactivity with a 

20 transfer unit comprising, a complementary DNA oligonucleotide associated with a thiol reagent. 
Both the H and E templates reacted efficiently with one' equivalent of the DNA-linked thiol 
reagent to yield the thioether product in minutes at 25 DNA-templated reaction rates (^pp - 
~10^ M'^s"') were similar for H and E architectures despite significant differences in the relative 
orientation of their reactive groups, in contrast, no product was observed when using reagents 

25 containing sequence mismatches, or when using templates pre-quenched with excess 

m^^toethanol (see Figure 15). Thus, both DNA templates support a sequence-specific DNA- 
templated reaction even though the structures of the resulting products differ markedly firom the 
stmcture of the natural DNA backbone. Little or no non-templated intermolecular reaction 
products were observed under the reaction conditions (pH 7.5, 25 °C, 250 mM NaCl, 60 nM 

30 template transfer unit), demonstrating the specificity of the DNA*templated reaction. 



wo 2004/016767 PCT/US2003/025984 

' -102- 

[0307] Indeed, sequence-specific DNA-templated reactions spanning a variety of 

I I » f 

reaction types (Sn2 substitutions, additions to a,p-unsaturated carbonyl systems, and additions to 
vinyl sulfones), nucleophiles (thiols and amines), and reactant structures all proceeded with good 
yields and excellent sequence selectivity (see. Figure 16). ■ Matched (M) or mismatched (X) 
5 reagents linked to thiols (S) or primiary amines (N) were mixed with 1 equivalent of template 
fimctionalized with the variety of electrophiles shown in Figure 16. Reactions with thiol 
reagents were conducted at pH 7.5 under the following conditions: SIAB and SBAP: 37°C, 16 
hours; SIA: 25°C, 16 hours, SMCC, GMBS, BMPS, SVSB: 25°C, 10 minutes. J^^eactions with 
amine reagents were conducted at 25°C, pH 8.5 for 75 minutes. Expected product masses were 
10 verified by mass spectrometry. In each case, matched but not mismatched reagents afforded 
product efiBciently despite considerable variations in their transition state geometry, steric 
hindrance, and conformational flexibility. Collectively these findings indicate that nucleic acid- 
templated synthesis is a general phenomenon capable of supporting a range of reaction types, 
and is not limited to the creation of structures resembling nucleic acid backbones. 

1 5 [0308] Sequence discrimination is important for the faithful translation of a nucleic acid 

into a synthetic reaction product. To test the sequence discrimination of DNA-templated 
synthesis, haiipin templates hnked to an iodoacetamide group were reacted to thiol-bearing 
transfer units containing 0, 1, or 3 mismatches. At 25^C, the initial rate of reaction of the thiol- 
bearing transfer unit with no mismatches was 200-fold faster than that of transfer units bearing a 

20 single mismatch (fepp = 2.4 xlO"* NT's'* vs. 1.1 x 10^ NT^s''; Figure 17A). 

[0309] In addition, small amounts of products arising from the annealing of mismatched 

reagents could be eliminated by elevating the reaction temperature beyond the melting 
temperature Tm of the mismatched reagents (Figure 17B). In Figure 17B, the reactions in 
Figure 17B were repeated at the indicated temperatures for 16 hours. The calculated reagent Tm 
25 values were found to be SS^'C (matched) and 28*'C (single mismatch). The inverse relationship 
between product formation and temperature indicates that product formation proceeds by a 
DNA-templated mechanism rather than by a simple intennolecular mechanism. 

[0310] In addition to reaction generality and sequence specificity, DNA-templated 

synthesis, under certain circiunstances, also demonstrates remarkable distance independence. 
30 Both H and E templates linked to maleimide or a-iodoacetamide groups promoted sequence- 
specific reaction with matched, but not mismatched, thiol reagents annealed anywhere on the 
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templates examined thus far (up to 30 bases away from -the reactive group on the template). 
Reactants amiealed one base away reactfed With similar i^tes as those annealed 2; 3, 4, 6; 8, 10, ' 
1 5, 20, or 30 bases aWay (Figure. 18). 'The reaction illustrated in Figure 18 used a 41.-base E 
template and a 10-base reagent designed to anneal 1-30 bases from the 5' end of the template. 
The kinetid profiles of Figure 18 show the average of two trials (deviations < 10%). T^e = 1 
mis" reagent contained three mismatches. In >ll cases, templated reaction rat,es wjere several ' ■ 
himdred-fold higher than the rate of uritemplatbd (mismatched) reaction (fepp = lO'^-lO^ M'^s"^^ vs. 
5 X lO' Nf;^s"^). At .intervening distances of 30'bases, products were efficiently formed . 
presumably through transition states resembling'l^db-membered rings. . . 

[03 1 1 ] In order to further characterize t^ie basis of the distance independence of DNA- 

templated synthesis, a series of modified E temp|lates were first synthesized in which the 
intervening.bases were replaced by a series of Dl^JA analogs designed to evaluate the possible 
contribution of (/) interbase interactions, (//) conformational preferences of the DNA backbone, 
(Hi) the charged phosphate backbone, and (rv) backbone hydrophilicity. Templates in which the 
intervening bases were replaced with any of the analogs in Figure 19 showed little effect on the 
rates of product formation. 

[0312] In the experiment shown in Figure 19, the /i = 10 reaction in Figure 18 was' 

repeated using templates in which the nine bases following the 5'-2v[H2-dT were replaced with 
the backbone analogues shown. Five equivalents of a DNA oligonucleotide complementary to 
the intervening bases were added to the "DNA + clamp" reaction. Reagents were either 
completely matched (0) or contained three mismatches (3). The gel shows reactions after 25 
minutes at 25*'C. Figure 19 shows that the backbone structural elements specific to DNA are not 
responsible for the observed distance independence of DNA-templated synthesis. However, the 
addition of a lO-base DNA oligonucleotide "clamp" complementary to the single-stranded 
intervening region significantly reduced product fonnation (Figure 19), suggesting that die 
flexibility of this region is critical to e£5cient DNA-templated synthesis. 

[03131 The distance independent reaction rates may be explained if the bond-forming 

events in a DNA-templated format are sufficiently accelerated relative to their nontemplated 
counterparts such that DNA annealing, rather than bond fonnation, is rate-determining. If DNA 
annealing is at least partially rate limiting, then the rate of product formation should decrease as 
the concentration of reagents is lowered because azmealing, unlike templated bond formation, is 
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a bimblecular process. Figu re 20 shows the results of experiments in which the /i =^ 1 , n = 1 0, 
and n = 1 mismatched (mis) reactions described in Fijgure 18 Svere repeated with template and , 
reagent concentrations of 12.5, 25, 62.5 or 125 nM. Figure 20 shows that decreasing thd 
concentration of reactants in the case of the E template with one or ten intervening bases 
5 between reactive groups resulted in a marked decrease in the observed reaction rate. This 
observation suggests that proximity effects in DNA-templated synthesis can enhance bond 
formation rates to the point that DNA annealing becomes tate-determining. 

. • [0314] , These findings raise the possibility of using DNA^templated synthesis to translate 
in one pot libraries of DNA into solution-phase libraries of synthetic molecules suitable for PGR 
1 0 amplification and selection. The sequence specificity described above suggests tiiat* mixtures of 
reagents may be able to react predictably with complementary mixtures of templates. Finally, 
the observed distance independence suggests that different template codons can be used to 
encode different reactions without impairing reactions rates. 

[0315] As a demonstration of this approach, a library of 1,025 maleimide-linked 

1 5 templates was synthesized, each with a different DNA sequence in an eight-base encoding region 
(Figures 21A-21B). One of these sequences, 5'-TGACGGGT-3', was arbitrarily chosen to code 
for the attachment of a biotin group to the template. A library of thiol reagents linked to 1,025 
different oUgonucleotides was also generated. The reagent linked to 3'-ACTGCCCA-5' . 
contained a biotin group, while the other 1,024 reagents (transfer units) contained no biotin. 
20 Equimolar ratios of all 1 ,025 templates and 1 ,025 reagents were mixed m one pot for 10 minutes 
at 25°C and the resulting products were selected in vitro for binding to streptavidin. Molecules 
surviving the selection were amplified by PGR and analyzed by restriction digestion and DNA 
sequencing. 

[0316] Digestion with the restriction endonuclease TspASl, which cleaves GTGAC and 

25 therefore cuts the biotin encoding template but none of the other templates, revealed a 1 : 1 ratio 
of biotin encoding to non-biotin encoding templates following selection. In the experiments 
shown in Figure 22 A, lanes 1 and 5 represent the PCR-amplified library before streptavidin 
binding selection; lanes 2 and 6 represent the PCR-amplified library after selection; lanes 3 and 7 
represent the PGR amplified authentic biotin-encoding template; and lane 4 rqiresents a 20 bp 
30 ladder. Lanes 5-7 were digested with Tsp45t DNA sequencing traces of the amplified 

templates before and after selection are also shown, together with the sequences of the non- 



wo 2004/016767 



PCT/US2003/025984 



• -105- 

biotin-ericoding and biotin-encoding templates. *Th|5 resiults summarized in Figure 22A , 
represent a i ;000-fold jrarichment compiMred. with the unselected library. DNA sequencing of the 
PCR amphfied.podl before and after selection suggested a simil^ degree of enrichment and 
indicated that the biotin-encoding template is the major product after selection and amplification 
5 (Figure 22A). The ability of DNA-templated synthesis to support the simultaneous sequence- 
specific reaction, of 1,025 reagents, each of which faces at 1,024;1 ratio of noif-partner to, partner ■ 
templates, demonstrates* its potential as a ixiethbd to create synthetic libraries in one pot. • 
[03171 Taken together, these results show that it.is possible to translate, select, anld , 

amplify a synthetic library member having a specific property (for example, bind aVidin) as . 

1 0 shown in Figure 22B. Furthermore, these results indicate that nucleic acid-templated synthesis 
is a surprisingly general phenomenon capable pf directing, rather than simply encoding, a range 
of chemical reactions to form products unrelated ^n structure to nucleici acid backboiies. For 
several reactioils examined, the DNA-templated format accelerates the rate of bond formation 
beyond the rate of a 10-base DNA oligonucleotide annealing to its complement, resulting in 

1 5 surprising distance indq>endence. The facile nature of long-distance DNA-templated reactions 
may also arise in part from the tendency of water to contract the volume of nonpolar reactants 
(see, C.-J. Li et al. Organic Reactions in Aqueous Media, Wiley and Sons: New York, 1997) and 
from possible compactness of the intervening single-stranded DNA between reactive groups. 

Materials and Methods 

20 [0318] . DNA Synthesis. DNA oligonucleotides were synthesized on a PerSeptive 

Biosystems Expedite 8909 DNA synthesizer using standard protocols and purified by reverse 
phase HPLC. Oligonucleotides were quantitated spectrophotometrically and by denaturing 
polyacrylamide gel electrophoresis (PAGE) followed by staining with ethidium bromide or 
SYBR Green (Molecular Probes) and quantitation using a Stratagene Eagle Eye II densitometer. 

25 Phosphoramidites enabling the synthesis of 5'-NH2-dT, 5* tetrachlorofluorescein, abasic 

backbone spacer, C3 backbone spacer, 9-bond polyethylene glycol spacer, 12-bond saturated 
hydrocarbon spacer, and 5* biotin groups were purchased fix)m Glen Research, Sterling, Virginia, 
USA. Thiol-linked oligonucleotide reagents were synthesized on C3 disulfide controlled pore 
glass from Glen Research, Sterling, Virginia, USA. 

30 (0319J Template Functionalization. Templates bearing 5'-NH2-dT groups were 

transformed into a variety of electrophilic functional groups by reaction with the appropriate 
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electrophile-7/-hydroxysuccinimide (NHS) ester (Pierce, Roqkford, IL, USA). Reactions were . 
perfonned in 200 mM sodium phosphate' pH 7.2 with 2 mg/mL electrophile-NHS ester, 1 0% 
dimethylsulfoxide (DMSO), and up to 100 of 5'-amino template at 25 °C for 1 hours; Desired 
products were purified by reverse-phase HPLC and characterized by gel electrophoresis and . 
5 MALDI mass spectrometry. 

[0320] DNA-templated synthesis reactions^ Realctioris were initiated by mixing 

equimolar quantities of reagent (transfer unit) and template in buffer containing 50 mM iV-[3- 
, mprpholinopropane]sulfonic acid (MOPS) pH 7.5 and !250 mM NaCl at the desired temperature 
(25 °C imless stated otherwise). Concentrations of reagents and templates were 60 nM unless 
10 otherwise indicated. At various time points, aliquots were removed, quenched with excess p- 
mercaptoethanol, and analyzed by denaturing PAGE. Reaction products were quantitated by 
densitometry using their intrinsic fluorescence or by staining followed by densitometry. 
Representative products were also verified by MALDI mass spectrometry. 

[0321] In Vitro Selection for Avidin Binding. Products of the library translation 

15 reaction (Figure 21A-21B) were isolated by ethanol precipitation and dissolved in binding 

buffer (10 mM Tris pH 8, 1 M NaCl, 10 mM ethylenediaminetetraacetic acid (EDTA)). 

Products were incubated with 30 )xg of streptavidin-linked magnetic beads (Roche Biosciences) 

for 10 minute at room temperature in 100 total volume. The beads were washed 16 times 

with binding buffer and eluted by treatment with 1 ^lmol free biotin in 100 uL binding buffer at 
20 70 ""C for 10 minutes. The eluted molecules were isolated by ethanol precipitation and amplified 

by standard PCR protocols (2 mM MgCh, 55 °C annealing, 20 cycles) using the primers 5'- 

TGGTGCGGAGCCGCCG [SEQ ID NO: 35] and 5'- 

CCACTGTCCGTGGCGCGACCCCGGCTCC TCGGCTCGG [SEQ ID NO: 36]. Automated 
DNA sequencing used the primer S'-CCACTGTCCGTGGCGCGACCC [SEQ ID NO: 37]. 

25 [0322] DNA Sequences. Sequences not provided in the Figures are as follows: matched 

reagent in Figure 16 SIAB and SBAP reactions: 5'-CCCGAGTCGAAGTCGTACC-SH [SEQ 
ID NO: 38]; mismatched reagent in Figure 16 SIAB and SBAP reactions: 5 - 
GGGCTCAGCTTCCCCATAA-SH [SEQ ID NO: 39]; mismatched reagents for other reactions 
in Figures 16, and 17A-17B; 5'-FAAATCTTCCC-SH (F= tetrachlorofluorescein) [SEQ ID 

30 NO: 40]; reagents in Figure 16 containing one mismatch: 5'-FAATTCTTACC-SH [SEQ ID 
NO: 41]; E templates in Figures 15 and 16 SMCC, GMBS, BMPS, and SVSB reactions, and 
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Figures 17A-17B: 5'-(NH2(n> ; . 

CGCGAGCGTACGCTCGCGATGGTACGAATTGGACTC^^ 

CACCTTCGACTCGAGG [SEQ ID NO: 42]; H template in Figure 16 SIAB, SBAP, and SIA 
reactions: 5'-(NH2dT> CGCGAGCGTACGCTCGCGATGGTACGAATTC [SEQ ID NO: 43]; 
5 clamp oligonucleotide in Figure 19: 5'-ATTCGTACCA [SEQ ro 

l^xamnle 2: Fyemnlarv Reactions for Us e in DNA-Teriiplated Synthesis 
10323] This Example demonstrates that DNA-templated synthesis can direct a modest 

' coliectioil of chemical reactions without requiring the precise alignment of reactive groups into 
DNA-like conformations. Furthemiore, this Example also demonstrates that it is possible to 
10 simultaneously translate in one-pot a library of more than 1,000 templates mto the corresponding 
thioether products, one of which could be enriched by in vitro selection for binding to 
streptavidin and amplification by PGR. ^ 

[0324] As described in detail herein, a variety oiF chemical reactions for example, DNA- 

tenq)lated organometallic couplings and carbon-carbon bond forming reactions other than 

1 5 pyrimidine photodimerization can be utilized to constract small molecules. These reactions 

represent an important step towards the in vitro evolution of non-natural synthetic molecules by 
pemiitting the DNA-templated construction of a diverse set of structures. 
[0325] The ability of DNA-templated synthesis to direct reactions that require a non- 

DNA-linked activator, catalyst or other reagent in addition to the principal reactants has also 

20 hem demonstrated h^ein. To test the ability of DNA-templated synthesis to mediate such 

reactions without requiring stmctural mimicry of the DNA-templated backbone, DNA-templated 
reductive aminations between an amine-linked template (1) and benzaldehyde- or glyoxal-linked 
reagents (3) with milUmolar concentrations of sodium cyanoborohydride O^aBHaCN) at room 
temperature in aqueous solutions can be performed (see. Figure 23A). Significantly, products 

25 formed efficiently when the template and reagent sequences were complementary, while control 
reactions in which the sequence of die reagent did not complement that of the template, or in 
which NaBHsCN was omitted, yielded no significant product (see Figures 23 A-23D and 24). 
Although DNA-templated reductive aminations to generate products closely mimicking the 
stmcture of double-stranded DNA have been previously reported (see, for example, Li et al 

30 ^2002) J. Am. Chem. Soc. 124: 746 and Gat et al (1998) BlOPOLYMERS 48: 19), these results 
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demonstrate that reductive amination to generate structures unrelated to the phosphoribose 
backbone cm take plj^ce efficiently and seqiiepcQ-specific^^ * 

[0326] Referring to Figures 25A-25B, DNA-templated amide borid formatidiis between 

amine-linked templates 4 and 5 and carboxylate-linked reagents 6-9 mediated by l-(3- 

5 dimethylaminopropyl)-3-^ylcarbodiimide (EDQ andN-hydroxylsulfosuccinimide (sulfo- 
NHS) generateil amide products in good yields at pH 6*0, 25^G. Product formation was (i) 
sequence-specific, (ii) dependent on theipresence of EDC, and (ni) msensitive to the stenc 
encumbrance of the amine or carboxylate. Efficient D>IA-templated amide formation Was ^so 
mediated by the water-stable activator 4-(4,6-dimethoxy-l,3,5-trizin-2-yl)-4- ' ' . ' 

10 methyhnorphoUnium chloride (DMT-MM) instead of EDC and sulfo-NHS (Figures 24 and 

2SA-25B)i The efiGciency and generality of DNA-templated amide bond formation under these 
conditions, together with, the large number of copmieiriaUy available chiral amines and 
carboxylic acids, make this reaction an attractive candidate in future DNA-templated syntheses 
of structurally diverse small molecule libraries. ... 

1 5 [0327] Carbon-carbon bond forming reactions are also important in both chemical and 

biological syntheses and thus several such reactions can be utilized in a nucleic acid-templated 
format. Both the reaction of nitroalkane-linked reagent (10) with aldehyde-linked template (11) 
(nitro-aldol or Henry reaction) and the conjugate addition of 10 to maleimide-linked template 
(12) (nitro-Michael addition) proceeded efficiently and with high sequence specificity at pH 7.5- 

20 8.5, 25°C (Figures 23A and 24). In addition, the sequence-specific DNA-templated Wittig 

reaction between sUbilized phosphorus ylide reagrat 13 and aldehyde-linked templates 14 or 11 
provided the corresponding olefin products in excellent yields at pH 6.0-8.0, 25*'C (Figures 23B 
and 24). Similarly, the DNA templated 1,3-dipolar cycloaddition between nitrone-linked 
reagents 15 and 16 and olefin-linked templates 12, 17 or 18 also afforded products sequence 

25 specifically at pH 7.5, 25^C (Figures 23B, 23C aiJd 24). 

[0328] In addition to the reactions described above, organometallic coupling reactions 

can also be utilized in the present invention. For example, DNA-templated Heck reactions were 
performed in the presence of water-soluble Pd precatalysts. In the presence of 170 mM 
NajPdCU, aryl iodide-linked reagent 19 and a variety of olefin-linked templates including 

30 maleimide 12, acrylamide 17, vinyl sulfone 18 or cinnamamide 20 yielded Heck coupling 

products in modest yields at pH 5.0, 25^C (Figures 23D and 24). For couplings with olefins 17, 



wo 2004/016767 



PCT/US2003/025984 



-109- 

18 and 20, adding two equivalents of P(p-S03C6H4)3 par equivalent of Pd prior to template and 
reagent addition typically in^eased overall yields by 2-fold. Control reactions contining . 
sequrace mismatches or lacking Pd prtecatalyst yielded no 

[03291 Example 1 above shows that certain DNX-templated reactions demonstrate 

distance independence. Distance independence may arise when the rate of bond forniation in the 
DNA-templated reaction is greater than the'rate of tfemplate-reagent annealing. Although only a 
subset of chemistries faU into this category, any DNA-templated reaction that aff^ords 

' coihparable product yields wh«i the reagent is annbal^ at various distances from the reactive 
end of the template is of special interest because it can be encoded at a variety of template 
positions, hi order to evaluate the abiUty of the DNA-templated reactions developed in this 
Example to take place efBcientiy when reactants are separated by distances relevant to library 
encoding, the yields of reductive amination, amide formation, nitro-aldol addition, nitro-Michael 
addition, Wittig olefination. dipolar cycloaddition, and Heck coupling reactions were compared 
when either zero (« = 0) or ten (« = 10) bases separated the annealed reactive groups.(Figure 
26A). Among the reactions described here or in Example 1, amide bond formation, nitro-aldol 
addition. Wittig olefination. Heck coupling, conjugate addition of thiols to maleimides and Sn2 
reaction between thiols and a-iodo amides demonstrate comparable product formation when 
reactive groups are separated by zero or ten bases (Figure 26B). Figure 26B shows the results 
of denaturing polyacrylamide gel electrophoresis of a DNA-templated Wittig olefination 
between complementary 11 and 13 with either zero bases Oanes 1-3) or ten bases (lanes 4-6) 
separatmg the annealed reactants. Ahhough the apparent second order rate constants for the /i = 
0 and n = 10 reactions differ by three-fold (kapp (» = 0) = 9.9 x IO3 M-'s'* while k^ (n = 10) = 
3.5 X lO' M 's-'), product yields after 13 hours at both distances were neariy quantitative. 
Control reactions containing sequence nrismatdies yielded no detectable product These 
findmgs indicate that these reactions can be encoded during synthesis by nucleotides that are 
distal from the reactive end of the template without significantly impairing product formation. 
I0330J hi addition to the DNA-templated Sn2 reaction, conjugate addition, vinyl sulfone 

addition, amide bond formation, reductive aminadon, nitro-aldol (Henry reaction), nitro Michael, 
Wittig olefination, 1,3-dipolar cycloaddition and Heck coupling reactions described directly 
above, a variety of additional reagents can also be utihzed in the method of the present mvention. 
For example, as depicted in Figure 27, powerful aqueous DNA-templated synthetic reactions 
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including, but not limited to, the Lewis acid'cataly;z;ed aldol addition, Mannich reaction, , 
Robinsori ahnulation reactions, additions of allyl iiidiuiii;.zinc and tin to ketones and aldehydes^, 
Pd-assisted allylic substitution, DieIs-AIder!cycloadditions, and hetero-Diels-Alder reactions can 
be utilized efficienUy in aqueous solvent and are important complexity-building reactions. 

5 [03311 Taken together, these results expand considerably the reaction scop 

templated syntkesis. ^ wide variety of reactions can proceed efficiently and selectively when . 
the corresponding reattahts are programmeci wjth complementary sequences. By augmenting . 
the repertoire of kiiowri DNA-templated reactions to include carbon-carbon bond forming apd 
organometallic reactions (nitro-aldol additions^ nitro-Michael additions, Wittig olefinatibns, , 

10 dipolar cycloadditio^S;, and Heck couplings) iii addition to previously reported amide bond 

fomation (see, SchmidtW aL (1997) Nucleic Agios Res. 25: 4792; Bruick et al. (1996) Chem. 
Biol. 3: 49), imine formation (Czlapinski:e/a/. (2001) J. Am. Chem. Soc. 123: 86^8), reductive 
aminatioii (Li>/ al (2002) J. AM. Chem. Soc. 124: 746; Gat et al (1998) filOPOLYMERS 48: 19), 
Sn2 reactions (Gartner et al (2001) J. AM. Chem. Soc. 123: 6961; Xu et al (2001) NAT. . 

15 BiOTECHNOL. 19: 148; Herrlein et al (1995) J. AM. Chem. Soc. 117: 10151) conjugate addition 
of thiols (Gartner et al (2O01) J. AM. Chem. SOC. 123: 6961), and phosphoester or 
phosphonamide formation (Orgel et al (1995) Acc. CHEM. RES. 28: 109; Luther e/ al (1998) 
Nature 396: 245), these results may permit the .sequence-specific translation of libraries of 
DNA into libraries of structurally and functionally diverse synthetic products. 

20 [0332] Because minute quantities of templates encoding desired molecules can be 

amplified by PCR, the yields of DNA-templated reactions arguably are less critical than the 
yields of traditional synthetic transfonnations. Nevertheless, many of the reactions discussed in 
this Example proceed efficiently. 

Materials and Methods 

25 [0333] Functionalized templates and reagents were typically prepared by reacting 5 *-NH2 

terminated oligonucleotides (for template 1), 5'-NH2-(CH20)2 temfiinated oligonucleotides (for 
all other templates) or 3'-OP03-CH2CH(CH20HXCH2)4NH2 terminated nucleotides (for all 
reagents) with the appropriate NHS esters (0.1 volumes of a 20 mg/mL solution in DMF) in 0.2 
M sodium phosphate buffer, pH 7.2, 25°C, for 1 hour to provide the template and reagent 

30 structures shown in Figures 23A-23D and 25A-25B. For amino acid linked reagents 6-9, 3'- 
OP03CH2CH(CH20H)(CH2)4NH2 terminated oligonucleotides in 0.2 M sodium phosphate 
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buffer, pH 7.2 were reacted with 0. 1 volumes of a 1.00 mM b.is[2- 

(succimiriidyloxycaxbonyloxy)ethyl]sulfbne (BSOCOES, Pierce, Rockford, IL, USA) solution in 
DMF'for 10 minutes at 25''C, followed by 0.3 volumes of i 300 mM amino acid in 300 mM 
sodium hydroxide (NaOH) for 30 minutes at 25°C. , , 

5 [0334] • FunctionaUzed templates and reagents were purified by gel filtration using 
Sephadex G-25 followed by reverse-phase HPLC (0: 1 triethylammonium acetate-acetonitrile 
gradient) and characterized by MALDI mass spectrometry. 

[03Ssi • For the DNA t^plated reactions despribed in Figures 23A-23D,' reactions were 
conducted at 25°C with one equivalent each of template and reagent at 60 nM final concentration 

10 unless otherwise specified. Conditions: (a) 3 mM NaBHsCN, 0.1 M //^[2-morpholinoethane] 
sulfonic acid (MES) buffe pH 6.0, 0.5 M NaCl, 1.5 hours; b) 0,1 M iSr-tris[hydroxymethyl] 
methyl-3-aminopropanesulfonic acid (TAPS) buffer pH 8.5, 300 mM NaCl, 12 hours; c) 0.1 M 
pH 8.0 TAPS buffer, 1 MNaCl, 5°C, 1.5 hours; d) 50 mM MOPS bufferpH 7.5, 2.8 M NaCl, 
22 hours; e) 120 nM 19, 1.4 mM Na2PdCl4, 0.5 M NaOAc buffer pH 5.0, 18 hours; (f) Premix 

15 NaaPdCLf with two equivalents of P(p-S03C6H4)3 in water for 15 minutes, then add to reactants 
in 0.5 M NaOAc buffer pH 5.0. 75 mM NaCl, 2 hours (final [Pd] = 0.3 mM, [19] = 120 nM). 
The olefin geometry of products firom 13 and the regiochemistries of cycloaddition products 
from 14 and 16 are presimied but not verified (Figures 23A-23D). Products were characterized 
by denaturing polyacrylamide gel electrophoresis and MALDI mass spectrometry. For all 

20 reactions under the specified conditions, product yields of reactions with matched template and 
reagent sequences were greater than 20-fold higher than that of control reactions with scrambled 
reagent sequences. 

[0336] The conditions for the reactions described in Figures 25A-25B were: 60 nM 

template, 120 nM reagent, 50 mM DMT-MM in 0.1 M MOPS buffer pH 7.0, 1 M NaCl, for 16 

25 hours at, 25°C; or 60 nM template, 120 nM reagent, 20 mM EDC, 15 mM sulfo-NHS, 0.1 M 
MES buffer pH 6.0, 1 M NaCl, for 16 hours at 25°C. In each row of the table in Figures 25A- 
25B, yields of DMT-MM-mediated reactions between reagents and templates complementary in 
sequence were followed by yields of EDC and sulfo-NHS-mediated reactions. In all cases, 
control reactions with mismatched reagent sequences yielded little or no detectable product and 

30 products were characterized by denaturing polyacrylamide gel electrophoresis and MALDI mass 
spectrometry. 
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[0337] Figure 24 depicts the analysis .by denaturing polyacrylamide gel electrophoresis 

of representative DNA-templated reacti<!ns liste4 m Figures 23 A-23p and 25A-25B. The 
structures of reagents and templates corresp6nd to the numbering in Figures 23A-23D and 25A- . 
25B. Lanes 1 , 3, 5, 7^ 9, 1 1 : reaction of matched (complementary or ^TM") reagents and 
5 templates under conditions listed in Figures 23A-23D and 25A-25B (the reaction betwpen 4 and 
6 was mediated. by DMT-MM). Lanes 2, 4, 6, 8, 10^ 12: reaction of mismatched (non-^ . ' • . 
complementary or "X'^j reagents and templates tod^r' conditions identical to those in lanes 1' 3, 
5,7, 9 arid Irrespectively. . . . ' ' , 

[0338] The sequences of oligonucleotide .templates and reagents are as follows (5' to 3' 

10 direction, rj refers to the number of bases between re^ictive groups when template and reagent are 
annealed as shown in Figure 26A). 1 : TGk3TACGAATTCGACTCGGG [SEQ ID NO: 45]; 2 
and 3 matched: GAGTCGAATTCGTACC [SEQ ID NO: 46]; 2 and 3 mismatched: 
GGGCTGAGerrCCCCA [SEQ ID NO: 47]; 4 and 5: ' . 

GGTACGAATTCGACTCGGGAATACCACCTT [SEQ ID NO: 48]; 6-9 matched (n = 10): 

15 TCCCGAGTCG [SEQ ID NO: 49]; 6 matched (n = 0): AATTCGTACC [SEQ ID NO: 50]; 6-9 
mismatched: TCACCTAGCA [SEQ ID NO: 51]; 11, 12, 14, 17, 18, 20: 
GGTACGAATTCGACTCGGGA [SEQ ID NO: 52]; 10, 13, 16, 19 matched: 
TCCCGAGTCGAATTCGTACC [SEQ ID NO: ?3]; 10, 13, 16, 19 mismatched: 
GGGCTCAGCTTCCCCATAAT [SEQ ID NO: 54]; 15 matched: AATTCGTACC [SEQ ID 

20 NO: 55]; 15 mismatched: TCGTATTCCA [SEQ ID NO: 56]; template for /i = 10 vs. /i = 0 
comparisoii: TAGCGATTACGGTACGAATTCGACTCGGGA [SEQ ID NO: 57]. 

[0339] Reaction yields were quantitated by denaturing PAGE followed by ethidium 

bromide staining, UV visualization, and charge-coupled device (CCD)-based densitometry of 
product and template starting material bands. Yield calculations assumed that templates and 
25 products stained with equal intensity per base; for those cases in which products were partially 
double-stranded during quantitation, changes in staining intensity may have resulted in higher 
apparent yields. 

Example 3: Multi-Step Small Molecule Synthesis Programmed by DNA Templates 

[0340] This Example demonstrates that it is possible to perform multi-step small 

30 molecule synthesis via DNA-templated chemistries. 
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[0341] DNA-templated synthesis can dirfectja wide Vari^ 

reactions Wirii high sequence-specificity and without requking structurai mimicry of the DNA 
backbone. The application of this approach to synthetic molecules of usefiil complexity, 
however, requires the development of general methods jto pemiit the product of a DNA- 
5 templated reaction to'uridergo subsequent DNA-templated transformations. i 

[0342] Ntulti-step DNA-templated smaUmoleculis synthesis faces tw6 major cha!llenges. 

beyond those associated with DNA-templated synthesis in general. First, the DNA used to direct 
reagents to appropriate templates must be removed S^otn the product of a DNA-templated 
reaction prior to subsequent DNA-templaled synthetic steps in order to prevent undesired 
10 hybridization to the template. Second, multi-step synthesis often requires the purification and 
isolation of intermediate products. To address these challenges, three distinct strategies have 
been developed (i) to link chemical reagents (reactive units) with their decoding DN^ 
oligonucleotides, and (ii) to purif / product after any DNA-templated synthetic step. ^ 

[0343] When possible, an ideal reagient-oligonucleotide linker for DNA-templated 

1 5 synthesis positions the oligonucleotide as a leaving group of the reagent Under this 

"autocleaving" linker strategy, the oligonucleotide-^reagent bond is cleaved as a natural chemical 
consequence of the reaction (see. Figure 28A). 

[0344] As the first example of this approach ^plied to DNA-templated chemistry, a 

dansylated Wittig phosphorane reagent (1) was synthesized in which the decoding DNA 

20 oligonucleotide was attached to one of the aryl phospMne groups (Hughes (1996) Tetrahedron 
Lett. 37: 7595). DNA-templated Wittig olefination with aldehyde-linked template 2 resulted in 
the efficient transfer of the fluorescent dansyl group from the reagent to the template to provide 
olefin 3 (Figure 28A). As a second example of an autocleaving linker, DNA-linked thioester 4, 
when activated with Ag(I) at pH 7.0 (Zhang et al (1999) J. Am. Chem. Soc. 121: 3311) acylated 

25 amino-terminated template 5 to afford amide product 6 (Figure 28B). 

[0345] Ribosomal protein biosynthesis uses aminoacylated tRNAs in a similar 

autocleaving linker format to mediate RNA-templated peptide bond formation. To purify 
desired products away from unreacted reagents and from cleaved oligonucleotides following 
DNA-templated reactions using autocleaving linkers, biotinylated reagent oligonucleotides and 
30 washing cmde reactions with streptavidin-linked magnetic beads (see. Figure 30A) were 

utilized. Althougih this approach does not separate reacted templates from unreacted templates. 
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unreacted templates can be removed in subsequent DNA-templated reaction and purification 

Stq9$. 

' ■ 1' • ' '■ ■' ■ ' ■ ' . 

[03461 Reagents bearing more than one functional group can be linked to their decodmg 

DNA oligonucleotides through second and third linkear striategies. In the "scarless linker" 
approach (Figure 28C), one functional group of the reagent is reserved for DNA-ten>plated bond 
formation, while the second fimctional group is used, to attach a linker that can be cleaved 
without introducing additional unwanted chemical fonctionality. The DNA-templated reaction 
"thpn is fojlowed by cleavage of the linker attached through the second functional group to afford 
desired products (Figure 28C). For example, a series of aminoacylation reagents such as (D> 
Phe derivative 7 were synthesized in which the a-amine is connected through a 
c^amoylethylsulfone linker (Zarling et al. (1980) J. Immunology 124: 913) to its decoding 
DNA oligonucleotide. The product (8) of DNA-templated amide bond formation using this 
reagent and an amine-teminated template (5) was treated with aqueous base to effect the 
quantitative elimination and spontaneous decarboxylation of the linker, affording product 9 
containing the cleanly transferred amino acid group (Figure 28C). This sulfone linker is stable 
in pH 7.5 or lower buffer at 25 °C for more than 24 hours yet undergoes quantitative cleavage 
when exposed to pH 1 1.8 buffer for 2 hours at 37 C. 

[03471 In some cases it may be advantageous to introduce one or more atoms new . 

chemical groups as a consequence of linker cleavage. Under a third linker strategy, linker 
cleavage generates a "useful scar" that can be fimctionalized in subsequent steps (Figure 28C). 
As an example of this.class of linker, amino acid reagents such as the (L)-Phe daivative 10 were 
generated linked through l,2.diols (Fruchart et al. (1999) TETRAHEDRON LETT. 40: 6225) to their 
decoding DNA oligonucleotides. Following DNA-templated amide bond formation with amine 
terminated template (5), this linker was quantitatively cleaved by oxidation with 50 mM aqueous 
sodium periodate (NaI04) at pH 5.0 to afford product 12 contaming an alddiyde groi^ 
appropriate for subsequent fimctionalization (for example, in a DNA-templated Wittig 
olefination, reductive amination, ornitrolaldol addition). 

[03481 Figure 29 shows the results of exemplary DNA-templated synthesis experiments 

using autocleaving linkers, scarless linkers, and useful scar linkers. The depicted reactions were 
analyzed by denaturing PAGE. Lanes 1-3 were visualized using UV light without DNA 
staining; lanes 4-10 were visualized by staining with ethidium bromide following by UV 
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transillumination. Conditions for 1 to 3 were: one fequiyalent each of reagent and templa.te, 0.1 
M TAPS buffer pH S.^, 1 M NaCl, at 25 °C for 1 .5 houts. Conditions for 4 to 6 were: three 
equivalents of 4, 0;1'MMES buffer pH 7.0,. I M sodium nitrite (NaNOi) 10 mM silver nitrate 
(AgNOa), at 37 °C for 8 hours. Conditions for 8 to 9 weJre 0.1 M 3- (cyclohexylamino)-l- 
5 propanesulfonic acid (CA? S) buffer pH- 11.8,' 60 mM p-^mercaptoethanol (BME), at 37 ,^C for 2 
hours. Finally, '.conditions for 11 to 12 were: 50 mM aqueous NaI04, at 25 °p for 2 hours. Ri •= . 
NH(CH2)2NH-dansyl;R2 = biotin. ■ ' ' *' ' ' / 

10349] Desired products gjenerated from DNA-templated reactions using the scarless. or 

useful scar linkers can be readily purified using biotinylated reagent oligonucleotides (Figure 

10 30B). Reagent oligonucleotides together with iiesired products are first captured on streptavidin- 
linked magnetic beads. Any unreacted template bound to reagent by base pairing is removed by 
washing the beads with buffer containing 4 M g^anidiniimi chloride. Biotinylated molecules 
remain bound to the streptavidin beads under these conditions. Desired product thesn is isolated 
in pure form by eluting the beads with linker cleavage buffer (in the examples above, either pH 

15 1 1 or sodium periodate (NaI04)-containing buffer), while reacted and unreacted reagents remain 
bound to the beads. 

[0350] As one example of a specific library generated as described above, three iterated 

cycles of DNA-templated amide formation, traceless linker cleavage, and purification with 
streptavidin-linked beads were used to generate a non-natural tripeptide (Fignres Sl A-B). Each 
20 amino acid reagent was linked to a unique biotinylated 1 0-base DNA oligonucleotide through the 
sulfone linker described above. The 30-base amine-tenninated template progranuned to direct 
the tripeptide synthesis contained three consecutive lO^base regions that were complementary to 
the three reagents, mimicking the strategy that would be used in a multi-step DNA-templated 
small molecule library synthesis. 

25 [03511 In til® fi^^ st^P' equivalents of 13 were activated by treatment with 20 mM 

EDC, 15 mM sulfo-NHS, 0.1 M MES buffer pH 5.5, and 1 M NaCl, for 10 minutes at 25 °C. 
The template then was added in 0.1 M MOPS pH 7.5, and IM NaCl, at 25^C and was aUowed to 
react for 1 hour. The firee amine group in 14 thra was elaborated in a second and third round of 
DNA-templated amide formation and linker cleavage to afford dipeptide 15 and tripeptide 16 

30 using the following conditions: two equivalents of reagent, 50 mM DMT-MM, 0. 1 M MOPS 
buffer pH 7.0, 1 M NaCl, at 25 °C for 6 hours. Desired product after each st^ was purified by 
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capture on.avidin-linked beads and elution with 0.1. M CAPS buffer pH 1 1 .8, 60 mM BME, at 37 
**C for 2 hours. The progress of each reabtion and purification was followed by denaturing 
pojyacrylamide gel electrophoresis (Figure 31B, bottom)' Lraes 3, 6, and 9 represent control 
reactions using reagents containing scrambled oligonucleotide sequences. 

5 [0352] ' The progress of each reaction, purification, and sulfone linker cleavage step was 
followed by denaturing polyacrylamide gel electrophoresiis. The final tripeptide linked to 
template 1 6 was digested with the restriction endonuclease EcoRI and the digestion fragment 
' cpntaihing the tripeptide was characterized by MALDt mass spectrometry. Beginning with 2 
nmol 20 jig) of starting material, sufficient tripeptide product was generated to serve as the 

10 template for more than 10^ in vitro selections and PGR reactions (Kramer et aL (1999) CURRENT 
Protocols in Mol. Biol. 3: 15.1) (assuming 1/10,000 molecules survive selection). No 
significant product was generated when the starting material template was capped with acetic 
anhydride, or when control reagents containing sequence mismatches were used instead of the 
complementary reagents (Figure 31B). 

15 [0353] A non-peptidic multi-step DNA-templated small molecule synthesis that uses all 

three linker strategies developed above was also performed (Figure 32A-32B). An amine- 
terminated 30-base template was subjected to DNA-templated amide bond formation using an 
aminoacyl donor reagent (17) containing the diol linker and a biotinylated 10-base 
oligonucleotide to afford amide 18 (two equivalents 17 in 20 mM EDC, 15 mM sulfo-NHS, 0.1 

20 M MES buffer pH 5.5, 1 M NaCl, 10 minutes, 25 °C, then add to template in 0.1 M MOPS pH 
7.5, IM NaCl at 16°C for 8 hours). The desired product then was isolated by capturing the crude 
reaction on streptavidin beads followed by cleaving the linker with NaI04 to generate aldehyde 
19. The DNA-templated Wittig reaction of 19 with the biotinylated autocleaving phosphorane 
reagent 20 afforded fiunaramide 21 (three equivalents 20, 0.1 M TAPS pH 9.0, 3 M NaCl at 

25 25 ^'C for 48 hours). The products bom fee second DNA-templated reaction were partially 
purified by washing with streptavidin beads to remove reacted and unreacted reagent. In the 
third DNA-templated step, fumaramide 21 was subjected to a DNA-templated conjugate addition 
(Gartner et aL (2001) J. Am. Chem. Soc. 123: 6961) using thiol reagent 22 linked through the 
sulfone linker to a biotinylated oligonucleotide (three equivalents 22, 0.1 M TAPS pH 8.5, 1 M 

30 NaCl at 25°C for 21 hours). The desired conjugate addition product (23) was purified by 
immobilization with streptavidin beads. linker cleavage with pH 1 1 buffer afforded final 
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product 24 in 5-10% overall isolated yield for the three bond fonning reactions, two linker 
cleavage steps, andtl^ree purificatibns (Fi^r^ 32A-32B). • ^ • ' 

10354] ; The final product was digested with EcoRi and the mass of the small molecule- 
linked template fragment was confirmed by MALDI,mass spectrometry (exact mass: 2568, 
5 obs^ved mass: 2566±5), As in the tripeptide exa^plq, each of the three reagents used during 
this multi-step 'isynthesis. annealed at a unique location on the DNA template^ and control 
reactions w^th sequence mismatches yielded no product (Figure 32B, bottom). In Figure 3iB,. 
bottom lanes 3, 6, and 9 represent control reactions. As expected, control reactions in whicl^ the 
Wittig reagent was omitted (step 2) also did not generate product following the third step. 

1 0 (0355] Taken tog;ether, the DNA-templated syntheses of compounds 1 6 and 24 

demonstrate the ability of DNA to direct the sequience-programmed multi-step synthesis of both 
oligomeric and non-oligomeric small molecules: unrelfited in structure' to nucleic acids. . ^ 

Example 4: Exemplary Reactiops in Organic Solvents 

[03561 As demonstrated herein, a variety of DNA-templated reactions can occur in 

1 5 aqueous media. It has also been discovered that DNA-templated reactions can occ]ar in organic 
solvents, thus greatly expanding the scope of DNA-templated synthesis. Specifically, DNA 
templates and reagmts have been conq)lexed with long chain tetraaOcylammonium cations (see, 
Jost et al. (1989) NUCLEIC AciDS Res. 17: 2143; MeFnikov et al (1999) Langmuir 15: 1923- 
1928) to permit quantitative dissolution of reaction components in anhydrous organic solvents 
20 including CH2CI2, CHCI3, DMF and methanol. Surprisingly, it was found that DNA-templated 
synthesis can indeed occur in anhydrous organic solvents with high sequence selectivity. 

[0357] Figure 33 shows DNA-templated amide bond formation reactions where the 

reagents and templates are complied with dimethyldidodecylammonium cations either in 
separate vessels or after preannealing in water, lyophilized to dryness, dissolved in CH2CI2, and 
25 mixed together. Matched, but not mismatched, reactions provided products both when reactants 
were preaimealed in aqueous solution and when they were mixed for the first time in CH2CI2 
(Figure 33). DNA-templated amide formation and Pd-mediated Heck coiq>ling in anhydrous 
DMF also proceeded sequence-specifically. 

[0358] These observations of sequence-specific DNA-templated synthesis in organic 

30 solvents imply flie presence of at least some secondary structure within tetraalkylammonimn- 



wo 2004/016767 



PCT/US2003/025984 



-118- 

complexed DNA in organic media, and should permit DNA receptors and catalysts to be evolved 
towards stereoselective binding or catalytic properties in organic solvents. Specifically, DNA- 
templated reactions that are known to occur in aqueous niedia, including conjugate additions, 
cycloadditions, displacement reactions, and Pd-mediated couplings can alsp be performed in , 
5 organic solvents. 

[03591 It is contemplated that reactions in organic solvents may be utilized that are 

inefficient or impossible to perform in water. For example, while Ru-catalyzed olefin metathesis 
. . ' in water lias been reported (Lynn et aL (1998) J. Am. ^HEM, Soc. 120: 1627-1628; Lynn et aL 
(2000) J. Am. Chem. Soc. 122: 66OI-6699; Mohr etaL (1996) Organometallics 15: 4317- 
10 4325), the aqueous metathesis system is extremely sensitive to the identities of the functional 
groups. The functional group tolerance of Ru-catalyzed olefin metathesis in organic solvents, 
however, is significantly more robust. Some exemplary reactions to utilize in organic solvents 
include, but are not limited to 1 ,3-dipol^ cycloaddition between nitrones and olefins which can 
proceed through transition states that are less polar than ground state starting materials. 

15 Example 5: New Architectures for Nucleic Acid-Templa ted Synthesis 

[0360] This Example discloses two different template architectures that further expand 

the scope of nucleic acid-templated synthesis. 

[03611 During a nucleic acid-templated chemical reaction a portion of a template anneals 

to a complementary sequence of an oligonucleotide-lniked reagent, holding functional groups on 
20 the template and transfer unit in reactive proximity. Template architecture can have a profound 
efifect on the nature of the resulting reaction, raising the possibility of manipulating reaction 
conditions by rationally designing template-reagent complexes with different secondary 
structures. 

[03621 During the course of DNA templated synthesis using the end-of-helix ("E") and 

25 hairpin C*H*') templates (see. Example 1), two challenges emerged. First, some DNA-templated 
reactions do not proceed efficiently when the annealed reactive groups on tiie template and 
transfer unit (reagent) are separated by even small numbers of bases. Using the E or H 
architectures, "distance-dependent" reactions can only be encoded by template bases at the 
reactive end of the template. Second, the presence of double-stranded DNA between annealed 
30 reactive groups can greatly reduce the efficiency of templated reactions because, under certain 
circumstances a single-stranded template may need to be flexible. This may preclude the 
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possibility of perfonning two or more reactions in a single DNA-templated step using the E or H 
ai^Mtectures even though the template oligonucleotide may contain enough bases to encode , 
multiple reactions. This Example disctt^ two new template architectures, which overcome 
each of these challenges. ' • 

10363] It was hypothesized that the distance dependence of certain DNA-templated 

reactions such as 1,3-dipolar cycloadditioiis'and redtictive amiriation could be overcome by 
desigmng a new architecture that permits a reagent to anneal to two distinct and s^^^ 

' separated regions of the template. In the "omega" 6y architecture (see, Figure 7), the 
template oligonucleotide contains a small number ofconstant bases at, for example, the reactive 
5- end of the template in addition to distal coding re^pns. The oligonucleotide of the transfer 
unit for the Q architecture contains at its reactive 3' end the bases that complement the constant 
region of the template followed by bases that complement a coding region anywhere on the 
template. The constant regions were designed to be of insufficient length to anneal in the 
absence' of a complementary coding region. When the coding region of the template and transfer 
unit are complementary and anneal, the elevated effective molarity of the constant regions 
induces their annealmg. Constant region annealing forms a bulge (resembling an Q) in the 
otherwise double-stranded template-reagent complex and places groups at the ends of the 
template and reagent in reactive proximity. This design permits distance-dependent DNA- 
templated reactions to be encoded by bases distal &otn the reactive end of the template. 
[03641 The efficiency of DNA-toiqilated synthesis using the £2 architecture was 

compared with that of the standard B and H ariAitectures. The Q architectures studied comprise 
(i) three to five constant bases at the 5' end of the template foUowed by (ii) a five- to 17-base 
loop and (iii) a ten-base coding region. As a basis for comparison, four different classes of 
DNA-templated reactions were performed that collectively span the range of distance 
dependence observed to date. 

[0365J Amine acylation reactions are rqaesentative of distance independent reactions 

that proceed efficiently even when conaderable distances (e.g., 30 bases) separate the amine and 
carboxylate groups. As expected, amine acylation (20 mM DMT-MM, pH 7.0, at 30 °C for 12 
hours) proceeded efficientiy (46-96% yield) in all architectures with both small and large 
distances between reactive groups on the reagent and template (Figure 34, lanes 1-5; and Figure 
35A). The « architecture mediated eflBcient amine acylation with three, four, or five constant 
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bases at the reactive ends of the template arid reiag^nt and 10 or 20 bases between annealed 
reactants (« = 10 or 20). Importantly, dcintjol reactions m which the distal coding regibn 
contained three'sequence mismatches failed'to generate significant product despite the presence 
of the complementary three-to five-base constant regipns at the ends of the template and reagent 
(see. Figure 34, lane 5 for a representative example). The Q architecture, therefore, did not 
impede the efiiciencyorsequence-specificity of the disitance-independentami^ ' ' 

reaction. , 

[03661 DhfA-templated Wittig olefhiation.feafctipns proceed at a significantly loWer rate; 

when the aldehyde and phosphorane are separatAi by largpr numbers of template bases, even 
though product yields typically are excellent aifter 12 hours or more of reaction regardless of 
intervening distance. After only 2 hour? of reaction (pH 7.5. 30 °C) in the E or H architectures, 
however, yields of olefin products were three- to six-fold lower when reactants we^e separated ^ 
by ten or more bases (n = 1 0 or 20) than when reactants are separated by only one base (« = 1) 
(Figure H lanes 6-7. and Figure 35B). In contrast, the R architecture with four or five constant 
bases at the reactive end resulted in efficient and sequence-specific Wittig product formation 
after 2 hours of reaction even when 10 or 20 bases separated the coding region and reactive end 
of the template (Figure 34, lanes 8-9, and Figure 35B). These results suggest that the constant 
regions at the reactive ends of the template and transfer unit in the Q architecture permit the 
aldehyde and phosphorane moieties to react at an effective concentration comparable to that 
achieved with the E-architecture when n = 1 (Figure 34). 

[03671 Among themany DNA-templated reactions studied to date, the 1,3-dipolar 

cycloaddition and reductive amination reactions demonstrate die most pronounced distance 
dependence. Both reactions proceed in low to modest efficiency (7%-44% yield) under standard 
reaction conditions using the E or H architectures when 10 or 20 bases separate the annealed 
reactive groups (Figure 34, lanes 10-1 1 and 14-15, and Figures 35C.35D). This distance 
dependence limits the positions on a DNA template that can encode these or other similarly 
distant dependent reactions. In contrast, both 1,3-dipolar cycloaddition and reductive amination 
proceed efficiently (up to 97% yield) and sequence-specifically when encoded by template bases 
15-25 bases away from the functionalized end of the template using the Q architecture with four 
or five constant bases (Figure 34, lanes 12-13 and 16-17, and Figures 35C-35D). These results 
demonstrate that the templates « architecture permits distance-dependent reactions to be 
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efficiently directed by DNA bases far jfrom the reactive end of t^^ By overcoming the 

distance dependence of these reactions while preservmg the ejBaciency of distant independent ^ 
reactions, the ft architecture may permit virtually any contiguous subset of bases in a single- 
stranded 30-base template to encode any viable DNA-templated reaction. Interestingly, the £2 • 

5 templates with only three constant bases at their reactive ends do not consistently improve the 
efficiency of these reactions compared with the E-architecture (Figures 35C-35D), suggesting 
that four or five constant bases may be required in the Q architecture to fully realize favorable 
, proxiiriity effects. » . . 

[0368] In order to probe the structural features underlying the observed properties of the 

10 CI architecture, the thermal denaturation of the Q-S and E architectures using » =,10 and n = 20 
reagents were characterized. For all template-reagent combinations, only a single cooperative 
melting transition was observed. Compared to the E architecture reagent lacking the five-base 
constant region, the Q-5 reagent increased the hypochrbmicity upon annealing by -50% but did 
not significantly affect melting temperature in either phosphate-buffered saline (PBS) or in 50 

15 mM sodium phosphate pH 7.2 with 1 M NaQ (Figure 36). These results are consistent with a 
model m which template-reagmt annealing in the Q architecture is dominated by coding region 
interactions even though the constant region forms secondary structure once the coding region is 
annealed. The entropic cost of partially ordering the loop between the coding and constant, 
regions may, therefore, be offset by the favorable interactions that arise i^on annealing of the 

20 constant region. 

[0369] DNA templates of arbitrary length are easy to synthesize and undesired cross 

reactivity between reactants in the same solution can be avoided using concentrations that are too 
low to allow non-complementary reactants to react intermolecularly. These features of DNA- 
templated synthesis permit more than one DNA-templated reaction to take place on a single 
25 template in one solution, saving the effort associated with additional DNA-templated steps and 
product purifications. 

[0370] Multiple DNA-templated reactions per st^ can be difficult usmg the E, H, or Q 

architectures, because the reagent oligonucleotide that remains annealed to the template 
following the first reaction forms a relatively rigid double helix that can prevent a second reagent 
30 annealed fiirther away along the template firom encountering the reactive end of the template. To 
overcome this, the reactive group on the template was moved from the end of the oligonucleotide 
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to the middle, attaching the reactive group to the^nop-Watsori-Crick face of a base. This *tT" 
architecture (see. Figure 7G) was designed to penriit tw6 DNA-templated reactions, one with a ' 
reagent coupled to the 5* end of the oligonucleotide of a first transfer unit and one with a reagent 
coupled to the 3' end of the oligonucleotide of a second transfer unit, to tiake place sequence- 
5 specifically in the sanfie solution on a single template. i 

103711 ' To test t;he viability.of the T.arclutecture in DNA-templated reactions * the . 
efficiency of the amine acylation, Wittig olefinafion, i ,3-:dipolar cycloaddition, a^d reductive 
amination reactions using the T architecture was stud^iqd. The T architecture sequence- 
specifically directed these four reactions with efficiencies comparable to or greater than those of 
10 the E or H architectures (Figure 37, 69-100% yield when n = 1). The observed degree of 

distance dependence using the T architecture for each of the four reactions was consistent with 
the above findings (compare Figure 37 and Figure 35). Together these results demqnstrate that 

the T architectui:^ can mediate sequence-specific and efficient DNA-templated synthesis. 

* ■ ■ * 

[03721 Once the ability of the T architecture to support efficient DNA-templated , 
1 5 synthesis was established, the ability of the T architecture to dkect two DNA-templated reactions 
on one template in one solution was studied. Two different two-reaction schemes using the T 
architecture were performed. In the first scheme, depicted in Figure 38A, abenzaldehyde- 
linked T template (1) was combined with a phospHine-linked reagent (2) and an a-iodoamide- 
linked reagent (3) in a single solution (pH 8.5, 1 M NaCl, at 25 °C for 1 hour). The phosphine- 
20 linked oligo^iucleotide complemented ten bases of the template 5* of the aldehyde (n = -4), while 
the iodide-linked oligonucleotide complemented ten bases 3' of the aldehyde {n = 0). DNA- 
templated Sn2 reaction between the phosphine and a-iodoamide generated the corresponding 
phosphorane, which then participated in a DNA-templated Wittig reaction to generate 
cinnanamide 4 in 52% overall yield after I hour (Figure 38B, lanes 9-10). Control reactions 
25 containing sequence mismatches in either reagent generated no detectable product. The 

additional control reaction lacking the aldehyde group on the template generated only the Sn2 
reaction product (Figure 38B, lanes 3-4) while control reactions lacking either the phosphine 
group or the a-iodoamide group did not generate any detectable products (Figure 38B, lanes 5- 
8). 

30 [0373] In a second two-reaction scheme mediated by the T architecture, depicted in 

Figure 38C, an amine-linked T template (5) was combined with apropargylglycine-linked 5' 
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reagent (6) at n = -1 and a phenyl azide-linked 3* reagent (7) at w = 1. The addition of 20 mM 
DMT-MM at pH 7.0 to induce amide formation followed by the addition of 500 fiM copper(n) 
sulfate and sodium ascorbate to induce the recently reported Sharpless-modified Huisgen' 1,3- 
dipolar cycloaddition provided 1,4-disubstituted triazoyl alanine adduct 8 in 32% overall yield. • 

5 {0374] • Taken together, these observations show that the T architecture permits two 
sequence-specific DNA-templated reactions to take pilace o?n one template in one solution. 
Importantly, the T architecture templates described above were accepted as efficient templates 
, ibr.both a single cycle of primer extension as well as standard PGR amplification-using Taq 
DNA polymerase, consistent with the known tolerance of several DNA polymerases for 
10 modifications to the non- Watson-Crick face of DNA templates. In addition to reducing the 
number of separate DNA-templated steps needed to synthesize a target structure, this 
architecture may also permit three-component reactions commonly used to build structural 
complexity in synthetic libraries to be performed in a DNA-templated format. 

[03751 I" sunmaary, the Q and T architectures significantly expand the scope of DNA- 

15 templated synthesis. By enabling distance-dependent DNA-templated reactions to be encoded 
by bases far away from the reactive end of the template, the omega architecture expands the 
types of reactions that can be encoded anywhere on a DNA template. The T architecture permits 
two DNA-templated reactions to take place on a single template in one step. 

Materials and Methods 

20 [0376] Oligonucleotide synthesis. Unless otherwise specified, DNA oligonucleotides 

were synthesized and fimctionalized as previously described using 2-[2-(4-monomethoxytrityl) 
aminoethoxy]ethyl-(2-cyanoethyl)-N,N-diisopropyl-phosphoramidite (Glen Research, Sterling, 
Virginia, USA) for 5*-functionalized oligonucleotides, and using (2-dimethoxytrityloxymethyl-6- 
fluorenylmethoxycarbonylamino-hexane-l-succinoyl)-long chain alkylamino-CPG (Glen 

25 Research, Sterling, Virginia, USA) for 3*-flinctionalized oligonucleotides (Calderone et al. 

(2002) Angew. Chem. Int. Ed. Engl. 41: 4104; (2002) Angew. Chem. 1 14: 4278). In the case 
of templates for the T architecture, amine groups were added using 5*-dimethoxytrityl-5-[N- 
(trifluoroacetylaminohexyl)-3-acrylimido]-2'-deoxyuridme-3'-[(2-cyanoethyl)-(N,N- 
diisopropyl)]-phosphoramidite (Glen Research, Sterling, Virginia, USA) and then acylated as 

30 reported previously (Calderone et aL (2002) supra). 
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10377] Amine-label^aii[dcarboxylicacid4abeledPNAwere 
combined in aqueous 1.00 '19M MOPS biifferi.l .M NaCl, pH 7.0 (60 nM in template DNX, 120 • 
nM in reagent DNA) in the presence of 20 mjvi DMT-MM. Reactions proceeded for 12 hours at 
25 »C. ', ' • , . ■ 

5 [0378J WUtigOiefihaHon. Aldeliyde-iabelled arid phosphorane-labeled DNA were 

combined iri aqueous lOO mM MOPS," 1 M NaQ, pH "7.5 (60 nM in tennplate'DNA, 120 idkl in , 
reagent DNA). Reactions proceeded for 2 hour^ at 3p*C: 

[0379] 1,3-bipolar Cycloaddition. Dialdehyde-Jabeled DNA was incubated in 260 nlM 

N-methylhydrgxylamine hydrochloride for 1 hour at room temperature (Gartner et al (2002) J. 
10 Am. Chem. Soc. 124:- 1O304). It was subsequently cdmbined with succinimide-labeled DNA in 
aqueous 50 mM MOPS, 2.8 M NaCl, pH 7.5 '(final concentrations of N-methylhyaroxylamine 
hydrochloride 0.75 mM, 60 nM in template DNA and SjO nM in reagent DNA). Reactions . ^ 
proceeded for 12 hours at 37*C. 

[0380] Reductive Amination. Amine^labeled and aldehyde-labeled DNA were combined 

15 in aqueous 100 mM MES buffer, 1 M NaCl, pH 6.0 (60 nM in template DNA, 120 nM in reagent 
DNA). Sodium cyanoborohydride was added as a'5 M stock in 1 M NaOH to a final 
concentration of 38 mM, and reactions proceeded for 2 hours at 25 "^C. Reactions were 
quenched by ethanol precipitation in flie presence of 15 mM methylamine. 
[0381] TArchiiecture-mediated Conversion of Compound I to 4. The 5'-phosphine- 

20 linked oligonucleotide (2) was generated by coupling N-succimmidyliodoacetate (SIA) to the 
amine derived fi-om 12K4-moriomethoxytritylamino)dodecyl-(2-cyanoethyl)-(N,N-diisbpro^ 
phosphoramidite (Glen Research, Sterling, Virginia, USA) using the T (n = -4) oligonucleotide 
listed below, followed by treatment with 4-diphenyIphosphinobenzoic acid as described 
previously (GaithCT et al (2002) supra). The 3'-Q-iodoamide-linked reagent (3) was prepared 

25 by reacting the T (w = 1) oligonucleotide (see below) with SIA as described previously (Gartner 
et al (2001) supra). Aldehyde-labeled template (1) was prepared by reacting the template" 
oligonucleotide (see below) with para-formyX benzoic acid N-hydroxysuccinimidyl ester as 
described previously (Gartner et al. (2002) Angew. Chem. Int. Ed. 41: 1796; (2002) Angew. 
Chem. 114: 1874). Template 1 was combined with reagents 2 and 3 in aqueous 200 mM N-(2- 

30 hydroxyethyl)pipera2ine-N'-(2-ethanesulfonic acid) (HEPES) buffer at pH 8.5 with 1 M NaCl, 
(63 nM template and 125 nM of each reagent). Reactions proceeded for up to 1 hour at 25 ''C. 
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[0382] The results of denaturing polyacryiapiide gel electrophoresis analysis of these 

reactions is shown in Figure 38B. The 30-base T architecture template (1) contaiiiing^aii 
aldehyde group was present in lanes 1-2 and 'lanes 5-10. A template lacldrig the aldehyde group 
but otherwise identical to (1) was present in lanes 3 and 4. DNA-linked phosphine reagent (2) 
was present in lanes 3.-6 and lanes 9-10. DNA-linked a-iodoamide reagent (3) was present in 
lanes 3-4 and lahes 7-10. , Lanes 1, 3, 5, 7, and 9 show, reactions after 30 minutes. . Lanes 2, 4,' 6, 
8, and 10 show reactions after 1 hour. » , ' * ' • . * . 

[0383] T Architecture-mediated Conversio^(df .Compound 5 to 8. The 5'- 

propargylglycine linked oligonucleotide (6) was generated, by combining the corresponding T (n 
= -1) 5 -amine-linked reagent oligonucleotide (see belo>y) with 2 mg/mL 

bis(sulfosuccinimidyl)suberate in 9:1 200 mM spdium phosphate pH 7.2:DMF for 10 minutes at 
25 °C, followed by treatment with 0.3 vol of 300.mM racemic propargylglycine in 3p0 mM 
NaOH for 2 hours ait 25 *^C. The 3*-azido Imked oligonucleotide (7) was generated by combining 
the T (n = 1) amine-linked reagent oligonucleotide (see below) with 2 mg/mL (N- 
hydroxysuccinimidyl)-4-azidobenzoate in 9:1 200 mM sodium phosphate pH 7.2:DMF for, 2 
hours at 25 °C. Reagents 6 and 7 were purified by gel filtration and reverse-phase HPLC. 
Template 5 and reagents 6 and 7 were combined in aqueous 1 00 mM MOPS pH 7.0 in the 
presence of 1 M NaCl and 20 inM DMT-MM for 12 hours (60 nM template, 120 nM reagents) at 
25 ^C. Copper (II) sulfate pentahydrate and sodium ascorbate were then added to 500 ^M each. 
After 1 hour at 25 °C, reactions were quenched by ethanol precipitation. 

[0384] DNA Oligonucleotide Sequences Used. E or Q template: 5*-H2N-GGT ACG 

AAT TCG ACT CGG GAA TAG CAC CTT [SEQ ID NO: 58]. H template: S'-HzN-CGC 
GAG COT ACG CTC GCG GGT ACG AAT TCG ACT CGG GAA TAC CAC CTT [SEQ ID 
NO: 59], T template: 5'- GGT ACG AAT TCG AC(dT-NH2) CGG GAA TAC CAC CTT 
[SEQ ID NO: 60]. E or H reagent (n = 1): 5'-AAT TCG TAC C-NHa [SEQ ID NO: 61]. E or H 
reagent (n = 10): 5'-TCC CGA GTC G-NH2 [SEQ ID NO: 62], E or H reagent (w = 20): 5'- 
AAG GTG GTA T-NH2 [SEQ K) NO: 63]. Mismatched E or H reagent: 5'-TCC CTG ATC G- 
NH2 [SEQ ID NO: 64]. Q-3 reagent (»= 10): 5*-TCC CGAGTC GAC C-NH2 [SEQIDNO: 
65]. Q-4 reagent (»= 10): 5'.TCCCGAGTCGTACC-NH2[SEQ ID NO: 66]. Q-5 reagent (w 
==10): 5'-TCCCGAGTCGGTACC-NH2[SEQIDNO:67]. Q-3 reagent (« = 20): 5'-AAG 
GTG GTA TAC C-NH2 [SEQ ID NO: 68]. Q-4 reagent (n = 20): 5'-AAG GTG GTA TTA CC- 
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NH2[SEQIDNO:69]. Q-S reagent (n = 20): 5'-AAG GTG GTA TGT ACC- NH2 [SEQ ID 
. NO: 70]. Mismatched Q-3 reagent: 5'-TCC CTG ATC GAC C-NH2 [SEQ ID NO: 71]. . 
Mismatched n-4 reagent: 5'-TCC CTG ATC GTACC-NH2 [SEQIDNO: 72]. Mismatched Q- 
5 reagent: 5'-TCC CTG ATC GGT ACC7NH2 [SEQ ID NO: 73]. T reagent (« = 1): 5'-GGT ' 
5 ATT CCC G-NH2 [SEQ ID NO: 74]. T reagent (« = 2): 5'-TGG TAT TCC C-NH2 [SEQ ID 
NO: 75]. T reagent (« = 3): 5'-GTGGTATTC C-NH2[SEQIDNO: 76]. T reagent (« = 4): 
5'-GGT GGT ATT C-NH2 [SEQ ID NO: 77]. T reagent (« = 5): 5'-AGG TGG TAT T-NH2 
. tSEQ ID NO: 78]. T reagent (« = -1): SVNHa-GTC GAA TTC G [SEQ ID NO: 79]. T reagent 
in = -4) for 2: 5'-[Ci2-amine linker]-AAT TCG TAC C [SEQ ID NO: 80]. 

t 

1 0 10385] Reaction yields were quantitated by denaturing polyacrylamide gql 

electrophoresis followed by ethidium bromide staining, UV visualization, and CCD-based 
densitometry of product and template starting material bands. Yield calculations assumed that 
templates and products were denatured and, therefore, stained with comparable intensity per 
base; for those cases in which products are partially double-stranded during quantitation, changes 

15 in staining intensity may result in higher apparent yields. Representative reaction products were 
characterized by MALDI mass spectrometry in addition to denaturing polyacrylamide gel 
electrophoresis. 

[0386] Melting curves were obtained on a Hewlett-Packard 8453 UV-visible 

spectrophotometer using a Hewlett-Packard 89090A Peltier thermocontroller. Absorbances of 
20 template-reagent pairs (1 .5 pM each) at 260 nm were measiu-ed every 1 "^C fiom 20 ^C to 80 °C 
holding for 1 minute at each t^^ in eifter plwsphate-buffered saline ('TBS," 137 mM 

NaCl, 2.7 mM potassium chloride, 1 .4 mM potassium phosphate, 10 mM sodium phosphate, pH 
7.4) or in high salt phosphate buffer C*HSB," 50 mM sodium phosphate pH 7.2, 1 M NaCl). 

Example 6; Stereoselectivity in Nucleic Acid-Templated Synthesis 

25 [0387] This Example demonstrates that it is possible to perform stereoselective nucleic 

acid-templated syntheses. The chiral nature of DNA raises the possibility that DNA-templated 
synthesis can proceed stereoselectively without the assistance of chiral groups beyond those 
present in DNA, thereby transferring not only sequence but also stereochemical information 
from the template to the product. 
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[0388] Stereoselectivity was examined in tl^e context of DNA-templated nucleophilic 

substitution reactions. . Hairpin architecture templates cohjugated at their 5' amino 'termiili 
directly to (S)- or (i?]i-2-bromopropionimide'were combined with 3' thiol-linked reagent 
oligonucleotides at 25 °C (Figure 39A) (Gartner et aL (2001) supra: Gartner et al. (2003) 
5 Angew. CiiEM. Int. Ed. 42: 1370). The exact structure of the hairpin template and its , 

complimentary reagent (Figure 39A) were as follows: , . , ■ ' 

Template: 5'-BrCH(CH3)CONH-te.G CGA GC GCT CGC GAG GTA CGA 

• ATT C-3' [^EQ IDNO: 81] ; ; , ' . ' . ; 

Reageqt: 5'-GAATTCGTACC-(Cli2)3SH-3USEQIDNO: 82] 

1 0 [0389] The stability of the bromides l^lder the reaction conditions was confirmed by 

several independent me&ods. Liitial rates of tfaibether.product formation were determined by 
denaturing gel electrophoresis and the producfe Were additionally characteri^ by a!iALDI-TQF 
mass spectromedy. Apparent rates of product.formation were 4.0±0.2-fold higfher fbr {Sy 
bromide-linked templates than for (/2)-bromide-linked templates. Because template-reagent 

1 5 annealing could be partially rate-determining, this value is a lower limit of the actual ratio of 
k^kg^ assuming annealing rates are unaffepted by l^romide stereochemistry. 

[0390] Suiprisingly, similar preferences favoring the (iS)-bromide were also observed 

using end-of-helix template architectures (Figure 39B)» even when 12 nucleotides separated the 
thiol and bromide in the template-reagent complexes. The exact structure of the end-of-helix 
20 template anil its complim^tary reagent (Figure 39B) were as follows: 

Template: 5'- BrCH(CH3)CONH-TAC GCT CGC GAT GGT ACG AAT TC-3* 
[SEQIDNO:83] 

Reagent: 5'-GAA TTC GTA CC-(CH2)3SH-3* 

[0391] Stereoselectivity appeared to be independent of whetfiCT the bromide or the thiol 

25 was conjugated to the template (Figures 39B and 39C). The exact stmcture of the end-of-helix 
template conjugated to the thiol and its complimentary reagent (Figure 39C) were as follows: 

Template: 5'-GAA TTC GTA CAT AGC GCT CGC AT-(CH2)3SH-3' [SEQ ID NO: 

84] 

Reagent: 5'- BrCH(CH3)CONH-TGT ACG AAT TC-3' [SEQ ID NO: 85] 
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[0392] Similar selectivities emerged from pseudo-kinetic resolutions containing both 

bromide stereoisomers in which thioether'products arising froin (5)- and (/?)-bromides were 
distinguished using templates of two distinct lengths (V^r = 4.2±0A to 4.9±03). Taken' 
together, these findings indicate that the chiraHty of a DNA template can be transferred to 
5 products of DNA-templated synthesis that do not resemble the DNA backbone. 

[0393] In order to probe the origins of the observed stereoselectivity, a series of template 

and reagent analogs were synthesized in which nucleotides near the thiol or bromide were 
, replaced \yith flexible achiral linkers. Replacing the'.l 2 template nucleotides separating the 
bromide and thiol in either of the end-of-helix reactions with an achiral polyethylene glycol 

10 linker of similar length (72 bonds) resulted in the loss of stereoselectivity. Stereoselectivity was 
also-abolished when flexible achiral linkers consisting of three or five consecutive methylene or 
ether oxygens were inserted between the 5* end of the template oligonucleotide and the thiol or 
bromide groups, or between the 3' end of'the reagent oligonucleotide and the thiol or bromide. 
Chiral linkers between reactants, therefore, are required for stereoselectivity in this DNA- 

15 templated reaction. These results also suggest that both the thiol and the bromide participate in 
the rate-determining step of the reaction, consistent with an Sn2 mechanism. 

[0394] ' The known sensitivity of single- and double-stranded DNA conformations on 
distal base stacking or base pairing interactions suggests that groups distal from the bromidp or 
thiol could play important roles in inducing stereoselectivity. To test these possibilities, 1 1 of 

20 the 12 template nucleotides closest to the 5' bromide were replaced in the end-of-helix reaction 
with chiral abasic phosphoribose linkers in which the aromatic base was replaced with a proton 
(Figure 40 A). The exact structure of the end-of-helix template was the same as in Figure 39, 
except that bases 2-12 were replaced with abasic phosphoribose units (prepared from the 
corresponding phosphoramidite Scorn Glen Research, Sterling, Virginia, USA). Even thou^ the 

25 5* thymidine nucleotide closest to the bromide was unchanged, the resulting reactions were not 
stereoselective, indicating that the nucleotide closest to the bromide was not sufficient to induce 
the observed stereoselectivity. 

[0395] Each of the 1 1 missing aromatic bases from the 5' end were then restored (Figure 

40B) and measiu-ed rates of (iS)-bromide and (/?)-bromide reaction for each resulting template. 
30 Surprisingly, no stereoselectivity was observed when up to five bases were restored. 

Stereoselectivity increased steadily up to ks/k^ = 4.3 when 6 through 1 1 bases were restored 
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(Figure 40.C). Restoration of the missing aromatic bases from flie 3' end of the ab^c region 
instead of from the 5' end also induced sttereoselectivity only after several bases were restored 
(five to 1 1 bases in this case) (Figure 4ob). Collectively; fliese findings suggest that • 
stereoselectivity arises from the conformation of nucleotides adjacent to either reactant, and that 

5 the conformation(s) leading to stereoselectivity require at least 5-6 consecutive aromatic bases. 
103961 This model of steateoselectiviiy predicts that global confonnational changes in the 

template-reagent complex may alter stereoselectivity even if the covalent structure and absolute 
, . 'stereochemistry of all leactants Were preserved. Doiibie-straided DNA sequences rich in (5-Me- 
QG repeats can adopt a left-handed heluc (Z-form) rather than the usual right-handed helix (B- 

10 form) at high salt concentrations (Rich et al. (1984) J. Annu. Rev. Biochem. 53: 791-846; Behe 
et cd. (1981) PROC. NATL. ACAD. Sci. USA 78: 1619-1623; Mao et al. (1999) Nature 397: 144- 
146). Bromide-linked (5-Me-C)G-rich hairpin templates and complementary thiol-linked 
reagents protected as unreactive disulfides were prepared. When combined in equimolar ratios, 
the circular dichroism (CD) spectra of the resulting template-reagent complexes in low salt (100 

15 mM NaCl) were characteristic of B-fotm DNA (see, for example. Figure 42D). In the presence 
of high salt concentrations (5 M NaCl or 2.5 M Na2S04), the same template-reagent complexes 
exhibited CD spectra representative of Z-form DNA. In contrast, the CD spectra of template- 
reagent complexes of normal sequence were representative of B-foim DNA under both low salt 
and high salt conditions (see, for example. Figure 42C). 

20 [03971 The stereoselectivity of DNA-templated reactions between bromide-linked 

ten]5>lates and thiol-linked reagents using either the mixed or (5-Me-C)G-rich sequences was 
examined in the presence of low or high salt concentrations. The mixed sequence templates and 
reagents (B-form DNA) in the presence of low or high salt concentrations favored the (5)- 
bromide by 4.3- or 3.2-fold, respectively (Figure 41A). The (5-Me-C)G-rich template and 

25 reagent in low salt concentrations (B-forni DNA) exhibited a 4.4-fold preference for reaction of 
the (S)-bromide (Figure 41 A). Remaikably, repeating this reaction in the presence of high salt 
concentrations that induce Z-form DNA resulted in a 14-fold change in stweoselectivity now 
favoring the (/J)-bromide by 3.2-fold (fts//:R= 0.31) (Figure 41B). This inversion of 
stereoselectivity as a result of changing the handedness of the DNA double helix is consistent 

30 with the theory implicating the conformation of the template and reagent in detCTmining the 
stereoselectivity of this DNA-tanplated reaction. 
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[0398] These experiments demonstrate tiia^ stereoselectivity can be imparted during 

nucleic acid-templatedorganic synthesis, (johfonnatiqhs of DNA dependmt onbase stafcking ' 
together with a partially constrained presentation of reactants appear to be responsible for the 
observed stereoselectivity. These expmments iiirthar .demonstrate that a single structure with 
5 one absolute stereochemistry can induce oppbsite'stereoselectivities when its 'macromo|ecular 
conformation i& altered. , , , . > . ' • • 

Oligonucleotides^ ' • . .- . 

[0399] The exact structures of the templatesi cojntaiiungmixe^ , 

sequence, and their corresponding reagents useid; are as fqllows: , ' 

10 Mixed sequence: ' • 

Template: 5'-GAA TTC TGG AGX CTT. AGC TAT TCA TCG AGC GTA CGC 
/ . ' TCG ATG AAT AGC^CH2)3SH-3' [SEQ ID NO; 80] * ' i 

Reagent: 5'-BrCH(CH3)CONH-TAA GTG TCC AGA ATT C-3* [SEQ ID NO: 87] 

(5-Me-QG-rich sequence: 

15 Template; 5'-GAA TTC C*qC* GC*G C*GC* AC*G C*GC* GC*G C*GG AGC 

GTA CGC TCC* GC*G C*GC* GC*G-(CH2)3SH"3' [SEQ ID NO: 88] 

Reagent: 5'- BrCH(CH3)CONH-TGC* GC*G C*GC* GGA ATT-3' [SEQ ID NO: 
89] 

C* = 5-methyl cytosine. The thiols in both the mixed and (5-Me-C)G-rich sequences 
20 were protected as disulfides (-(CH2)3S-S(CH2)30H) for circular dichroism measurements. 

DNA Synthesis and Analysis 

[0400] DNA oligonucleotides were synthesized on a PerSeptive Biosystems Expedite 

8090 DNA synthesizer using standard phosphoramidite protocols and were purified by reverse 
phase HPLC with a triethylammonium acetate (TEAAyCHsCN gradient. Oligonucleotides were 
25 quantitated by UV and by denaturing PAGE after staining with ethidium bromide. Quantitation 
of DNA by denaturing PAGE was performed with a Stratagene Eagle Eye II densitometer. 
Synthetically modified oligonucleotide analogs were incorporated using the corresponding 
phosphoramidites or controlled pore glass (CPG) beads purchased firom Glen Research, Sterling, 
Virginia, USA . 
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DNA Functionalizaiion , • \ ■ * \ 

(04011 2'bromopropionamide^NtiS esters. 200 mg iV-hydroxysuccinimide (Pierce; 

Rockfdrd, IL, USA) was dissolved in anhydrous CH2CI2 together with 1.1 equivalents of a 2- 
bromopropionic acid (either racemic, {Ry, or (5)-) and 2 equivalents of l-(3- 

5 dimethylaminopropyl).3-ethylcaibc)diimide (EDC) (Aldrich). The 2.bromopropionic acid 
' enantiomers were >95% enantiopure as judged by chiral HPLC (5% isopropanol in hexanes, 
\Rifi) WHELK 01 chiral phase, detection at 220 nm).. The reaction was maintain^ at room 
temperature and complete after 1.5 houre as judged by TLC (EtOAc). The crude Reaction 
mixture was extracted with 2.5% sodium hydrogen sulfate (NaHS04) to remove the excess EDC. 

1 0 The organic phase was washed with brinei dried over magnesium sulfate (MgS04), and 

conQentrated in vacuo. The residue was dried and used directly for DNA fiinctionalization. 
10402] 5 '-functionalizaiion of oligonucleotides. An NHS ester prepared as described 

above was dissolved in DMSO. Up to 1^0 jig of a 5 *-amino DNA oligonucleotide was 
combined with 3 mg/mL NHS ester (final reaction = 10% DMSO) in 200 mM sodium phosphate 

15 (pH = 7.2) at room temperature for 2 hours. The functionalized oligonucleotides were purified 
by gel filtration and reverse-phase HPLC, and were characterized by denaturing PAGE and 
MALDI-TOF mass spectrometry. 

(04031 3'-thiol modified oligonucleotides. The 3' thiol group was mcorporated by . 

standard automated DNA synthesis using 3*-^isulfide-linked CPG (Glen Research, Sterling, 
20 Virginia, USA). Following oligonucleotide synthesis, the disulfide was cleaved with 50 mM 
DTT, IM TAPS (pH = 8.0) at room temperature for 1 hour and purified by gel filtration before 
being used in DNA-templated reactions. 
DNA'iemplaied Reactions 

[0404] Reactions were performed with 60 nM template and 60 nM reagent in 50 mM 

25 MOPS (pH = 7.5) and 250 mM NaCl at 25 ''C unless otherwise specified. Reaction aliquots 
were removed at time points fiom 2 minutes to 120 mmutes and quenched with excess p- 
mercaptoethanol. Starting materials and products were ethanol-precipitated fi:om the quenched 
reaction mixtures, analyzed by denaturing PAGE, quantified as described above. Relative initial 
rates of product fonnation were determined from the fitting the raw yield vs. time data and were 
30 used to calculate As/*r- Representative data are shown in Figure 42, 
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[0405] For the representative data sets 5hoWn in-.FIgure 42, the apparent second order 

rate constants derived from the initial rates stfje^. follows:. 

[0406] Figures 39A and 42A: 

tR^PP = 1.94 X io^ M-^s'*; its^pp = 7.07 x 10^ M^^'s'^ ; A^ac^pp = 4.58 x 10^ 

5 [04071 J:igures3!?Band42B: . • . 

*R^pr 5-83 X 10^ M-^s-'; fe^p = ?l9 x id" W^s^;]kr^^p = 13.6 x 10^ M-'s"* 
• • ' " . » '* , ■ ' 

[0408] Figures 42C and 44A, low salt: ' . » ; ' \ 

Ar^pp =.4.00 X 10^ ^'s *s,app = 17.6 x .lO' Ivr's'; '^^^pp = 9.88 x 10^ NT's"' 
[0409] Figures 42C and 44A, high salt; 

10 = 5.95 X 10^ M"'s-'; ks^ = 18.8 x ip' IVr's = 10.8 x lO' M-'s"', 

[0410] figures 42D and 44B, low salt: i 

*R^p - 6.1 1 x 10^ M-^s-*; ^s^pp = 25.4 x 10^ M-^s*^; An«;^pp = 12,1 x 10^ M'^s^^ 
[041 11 Figures 42D and 44B, high salt: 

fe^pp = 24.6 x 10^ M-'s-^ As^p - 7.66 x 10^ M'^s ^; = 13.6 x 10^ M'Y 

15 Evaluating Bromide Stability 

[0412] The structural and configurational stability of the bromides under the reaction 

conditions was confirmed by several independent methods. Each bromide-linked template or 
reagent oligonucleotide was pre-incubated for up to 72 hours at 25*'C, and up to 48 hours at 37*'C 
under the reaction conditions in the absence of thiol. Following the pre-incubation, 

20 stereoselectivity was measured as described above and always foimd to be unchanged as a result 
of the pre-incubation. In addition, large-scale (250 pmol) quantities of bromide-linked templates 
((R% (S), and pseudo-racemic) were each incubated under the reaction conditions for 16 hours 
and analyzed by MALDI-TOF mass spectrometry. No evidence of bromide displacement (by 
water or by chloride) was observed as shown in Tables 1 1 and 12. 

25 TABLE 1 1 : End-of-helix template (expected mass = 7202.1) 



Isomer . 


.ObseryedMasS;'f .;V-: ^ 


(R) bromide: 


before incubation = 7203.3±7 
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after incubation =j 7206.4±7 


(S) bromide: 


before incubation = 7206.0S:7 
after incubation = 7201 .5±7 


(d:) bromide: 


mass before incubation ^ 7201 .7±7 
mass after incubation = 7204.7±7 


TABLE 12: Hairpin template (exp€?cted mass = 9682.4) 


p ^TT • . , .-1 , 

Jsomer';;\-->';:. ry;' 


-Ob^iyed^Masis:. -^^^ /^v v^.j:* \ / 


{R) bromide: 


mass before incubation = 9686.6=blO 
mass after incubation = 9685.7±10 


(S) bromide: 


mass before incubation = 9683.8dblO 
mass after incubation = 9680.6±10 


(±) bromide: 


mass before incubation = 9680.6±10 
mass after incubation == 9684,7±1 0 



10413] Finally, small molecule analogs of the above bromide-linked DNAs (both 

5 enantiomers of //-methyl 2-bromopropionamide) were incubated for 16 hours under the reaction 
conditions and analyzed by chiral HPLC under conditions that resolve the (5)- and (/?)- 
enantiomers. No change in retention time was observed. 

Stereoselectivities Using Achiral Flexible Linkers 

[0414] Figure 43 shows modified template or reagent structures that result in loss of 

10 stereoselectivity during DNA-templated Sn2 reactions. In all cases, fe^p/^R^pp values fell within 
the range of 0.95 to 1.09 (±0.09), which reflects the mean and standard deviation of at least three 
independent experiments. The exact structures of the templates containing achiral linkers and 
their corresponding reagents were as follows: 

[0415] Figure 43A: 

15 Template 5'-BrCH(CH3)CONH-[(CH2)2O]2OPO3*-{[(CH2)2O]6OP03'}3-GGT ACG 

AAT TC-3' [SEQ ID NO: 90] 
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Reagent: 5'-GAA TTC GTA eC-(CH03SH-3' [SEQ ID NO: 91] 
[0416] Figure 43B: 

Template: 5'-GAA TTC GTA CA-(CH2)3iQP03 -{[(CH2)20]60Pb3-}3-(CH2)3SH-3' 
[SEQ ID NO: 92] 

5 Reagen^r 5'-BrCH(CH3)CONH*TGT ACGAAT TC-3' [SEQIDNO: 93] 

[04171 , Figure 43C: 

Template: ' 5'- BrCH(CH3)CONH-[(CI{^p]20P03 -AC OCT CGC GAT GGT ACG 

AATTC-3'[SEQIDNO:'94] ,' . ' 

Reagent:. 5^GAATTCGTA<:C-(CH2)3SH-3' [SEQIDNO: 95] 
10 (04181 Figure 43D: 

Template: 5'-GAA TTC GTA CAT AGC GCT CGC A-(CHj)30P03;-(CH2)3SH-3' 
[SEQIDNO:96] " . ■ 

Reagent: 5'- BrCH(CH3)CONH-TGT ACG AAT TC-3' [SEQ ID NO: 97] . 
[0419] Figure 43E: 

15 Template: 5'- BiCH(CH3)CONH-Ti\C GCT CGC GAT GGT ACG AAT TC-3' 

[SEQ ID NO: 98] 

Reagent: 5'-GAA TTC GTA CC-<CH2)30P03 -(CH2)3SH-3' [SEQ ID NO: 99] 
[0420] Figure 43F: 

Template: 5'-GAA TTC GTA CAT AGC GCT CGC AT-(CH2)3SH-3' [SEQ ID NO: 

20 100] 

Reagent: 5'-BrCH(CH3)CONH-[(CH2)20]20P03"-TGT ACG AAT TC-3' [SEQ ID 
NO: 101] 

Circular Dichroism (CD) ofB-DNA andZ'-DNA 

[0421] The DNA templates and reagents were prepared as described above. Thiol-linked 

25 reagents were not deprotected and remained in their disulfide forms during CD analysis. CD 
samples contained 215 nM template and 215 nM protected reagent in 50 mM phosphate buffer 
(pH = 7.5) with either 100 mM or 5 M NaCL A background sample lacking DNA was also 
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prepared for each Sanq)le. The CI> measurements wfere performed in a 1 mm path cuvette at 
25 "C scaimmg from 3.60 mn to 200 nm at 2 nm/sec oh d JASCO polarized spectrometer i)vith a • 
2.0 nm resolution. THie resulting .CD si>ectra;of B-form and Z-fonn template-reagent complexes 
are shown in Figure 44; Figure 44 A shows circular dicKroism (CD) spectra of template-reagent 
5 complexes'containing normal (mixed composition) sequences which are characteristic qf B- 

DNA. Figure 44B shows CD spectra of .(5-Me-C)G-rich complexes having a B-DNA . ' • - 
conformation aUowsalUoncentrationis, arid haying a ' , 

concentrations. Thp exact stnictures 6f the templates containing mixed and (5-Me-e)G-rich 
sequence, and their corresponding reagents used, , are as follows: . ' * . ' 

10 [0422] Mixed, sequence: ■ ■ ^ 

Template: 5'-GAA TTC TGG AJCA CTT AGC TAT TCA TCG A^GC GTA CGC 
TCG ATG AAT AdC-(CH2)3SIJ-3' [SEQ ID Nb: 102] i 
(The thiol was protected. as a disulfide [(CH2)3S-S(CH2)30H]'for circular 
dichroism measuremraits). 

I 

15 Reagent: 5'-BrCH(CH3)CONH-TAA GTG TCG AGA ATT C-3' [SEQIDNO: 103] 

[0423] (5-Me-C)G-rich sequence: 

Template: S'-GAA TTC C*GC* GC*G C*GC* AC*G C*GC* GC*G C*GG AGC 
GTA CGC TCC* GC*G C*GC* GC*G-(CH2)3SH-3' [SEQ ID NO: 104] 

(The thiol was protected as a disulfide [(CH2)3S-S(CH2)30H]for circular 
20 . . - dichroism measurements) . - 

Reagent: 5'- BrCH(CH3)CONH-TGC* GC*G C*GC* GGA ATT-3' [SEQ ID NO: 
105] 

C* = 5-methyl cytosine 

Stereoselectivity Induced by B-form and Z-form DNA 
25 [0424] Figure 45 shows a representative denaturing gel electrophoresis analysis of 

reactions using the CG-rich sequences at 100 mM NaCl (lanes 1-3) or at 5 M NaCl (lanes 4-6) (6 
hour time point). Lanes 1 and 4: racemic bromide; lanes 2 and 5: (i?)-bromide; lanes 3 and 6: 
(5)-bromide. The bromide-Unked reagent is not visible. Similar results were observed using 
NaiSOA instead of NaCL 
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DNA'templaied Reactions in the Presence afNa^04 instead ofNaO 

[0425] In Older to ascertain that tlie observed stereoselectivities were not affected by the 

presence of chloride, the experiments shown in Figures 39 and 44 were rq^eated in the ptesence 
of Na2S04 instead of NaCl (keeping the concentration of sodium constant). The resuUs of three. 
5 independent trials were very similar to those reported in the presence of NaCl, and are as 



follows: 




[0426] 


Figure 39A with Na2Sq4 instead of NiaCl: ks/ka = 5.4 ± 0.5 


10427] ' 


Figure 39B with Na2S04 instead of NaCl: kslkf. =.3.9 ± 0.3 


[0428] 


Figure 39C with Na2S04 instead of NaCl: As/*r = 4.7 ± 0.7 


[0429] 


Figure 44A, low salt with Na2S04 instead of NaCl: k^k^ = 3.7 ± 0.7 


[0430] 


Figure 44A, high salt with N%S04 instead of NaCl: k^k^ = 3.1 ± 0.6 


[0431] 


Figure 44B, low salt with Na2S04 instead of NaCl: *s/*r = 3.6 ± 0.5 


[0432] 


Figure 44B, high salt with Na2S04 instead of NaCl: = 0.25 ± 0.03 



MALDI'TOF Mass Spectrometry of Representative Products 
1 5 [0433] - The products from the representative DNA-templated reactions (240 pmol scale) 
in Figure 39 were purified by preparative denaturing polyacrylamide gel electrophoresis 
followed by extraction with 0.1 M triethylammonium acetate at 37 ^C overnight The 
lyophiUzed products were subjected to MALDI-TOF mass spectrometry, the results of which are 
summarized in Table 13. In all cases the observed mass is consistent with the expected mass. 

20 TABLE 13 



.'Figure,,;/ 'W:; ; 


i ■ 'Expected Mass - •. 


Observed Mass 


39A 


13067.5 


13015.6±65 


39B 


10562.0 


10587.2±53 


39C 


10558.1 


10600.1±53 
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Kyample 7; Pirecting Otherwise Incomnatible Itea etions in a Single Solution 
[04341 This Example demonsti:a4es.thatx)Ugpnuci^^^ 

several differe^it synthetic reaction types within the same solution, even though the reactants 
involved would be cross-reactive and, therefore, incompatible under traditional synthesis 
5 conditions. These findings also demohstrate that it is possible to perform a one-pot • 

diversification i)f synthetic library precursors^into products using multiple, simultaneous and nqi 
necessarily compatible reaction types, i ' 

10435] The ability of DNA templates' to mediatp diversification x^ing different reaction 

types without .spatial separation was initially tested by preparing three oUgonucleotide templates 
10 of different DNA sequences (la-3a) fiinctionalized at their 5' ends with maleimide groups and 
three oligonucleotide reagents (4a-6a) fiinctionalized at their 3' ends with an amine, thiol, or 
nitroalkane group, respectively (Figure 46). The DN^Sl sequences of the three reagents each . ^ 
contained'a different 10-base annealing region that was complementary to ten base§ near the 5' 
end of each of the templates. Combining la with 4a, 2a with 5a, or 3a with 6a in three separate 
15 vessels at pH 8 .0 resulted in the expected DNA-templated amine conjugate addition, thiol- 
conjugate addition, or nitro-Michael addition products 7-9 (Figure 46, lanes 1-3). 
[0436] To distinguish the nine possible reaction products that could be generated upon 

combining la-6a, the lengths of template ohgonucleotid'es were varied to include 11,17, or 23 
bases and tiie lengths of reagent oligonucleotides were varied to include 14, 16, or 18 bases. 
20 Differences m oligonucleotide length were achieved using extensions distal from the reactive 
groups that did not significantly affect the efficiency of DNA-templated reactions. This design 
permitted all nine possible reaction products (linked to 25, 27, 29, 31, 33, 35, 37, 39, or 41 bases 
of DNA) to be distinguished by denaturing polyacrylamide gel electrophoresis. 
[0437] A solution containing all three templates (la-3a) was combined with a solution 

25 containing all three reagents (4a-6a) at pH 8.0. The resulting reaction exclusively generated flie 
three desired products 7, 8, and 9 of lengths 25, 33, and 41 bases indicating that only the three 
reactions corresponding to the complementary template-reagent pairs took place (Figure 46, lane 
4). Formation of the other six possible reaction products was not detected by densitometry (<5% 
reaction). In contrast, individually reacting templates and reagents containing the same, rather 
30 than different, 10-base annealing regions permitted the formation of all possible products 

(Figure 46, lane 5). This resuh demonstrates the ability of DNA-templated synthesis to direct 
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the selective one-pot transfonnation of a.single functional graup'into three distinct types of 
products (in this Example, maleimide into secondary amine, tfiioether, or a-branched 
nitoalkane). 

[04381 To test the ability of this diversification moiie to support one-pot reactions 

requiring non-DNA-linked accessory reagents, an analogous experiment was conducted with two 
aldehyde-linked reagents either 14 or 16 bas^ in len^ (4b or Sb, respectively) and a 
complementary 1 1-base amine-linked template (lb) oir ^ 17-base phosphorane-liriked template 
«b).' Combining lb and 4b at pH 8.0 in.the presencfe of 3 mM NaBHaCN resulted in the DNA- 
templated reductive amination product 10, while 2b and 5b under the same conditions generated 
Wittig olefination product 11 (Figure 46). Mixing aH four reactants together in one'pot resulted 
in an identical product distribution as the combined individual Wittig olefination or reductive 
amination reactions (Figure 46)1 No reactiim between aiiiine lb and aldehyde 5b or between 
phosphorane 2b and aldehyde 4b was dented (Figure 46, lane 8 versus lane 9). 
104391 The generality ofthis^jproach was explored by including multiple reaction types 

that required different accessory reagents. Three amine-linked templates (lc-3c) of length 1 1, 
17, or 23 bases were combined with an aldehyde-, carboxylic acid-, or maleimide-linked reagent 
(4c-6c)'l4, 16. or 1 8 bases in length, respectively, at pH 8.0 in the presence of 3 mM NaBHaCN, 
10 mM l-(3-dimethyl-aminopropyl)-3-efli3dcaibodiimide (EDC), and 7.5 mM N- 
hydroxylsulfosuccinimide (sulfo-NHS). The reactions containing all six reactants afforded the 
same three reductive amination, amine acylation, or conjugate addition products (12-14) that 
were generated fiom the individual reactions containing one template and one reagent and did 
not produce detectable quantities of the six possible undesired products arising from non-DNA- 
templated reactions (Figure 46, lanes 10-14). Collectively, these results indicate that DNA- 
templated synthesis can direct simultaneous reactions between several mutually cross-reactive 
groups in a single pot to yield only the sequence-programmed subset of many possible products. 
104401 The above three exaiiq>les each diversified a single functional group (maleimide, 

aldehyde, or amine) into products of different reaction types. A more general format for the one- 
pot diversification of a DNA-templated synthetic library into products of multiple reaction types 
would involve the simultaneous reaction of different functional groups linked to both reagents 
and templates. To examine this possibility, six DNA-linked nucleophile templates (15-20) and 
six DNA-linked electrophile reagents (21-25) collectively encompassing all of the fimctional 
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groups used in the above three examples (amine/al<jehydei maleimide, caib'oxylic add, . 
nitroalkane, phosphorane,'and thiol) weitprfeparea.(FigUre 47). These tWelve DNA-linked 
reactants could,, in thciory, undergo siniiiltanepus amine conjugate addition, fhiol. conjugate 
addition, nitro-Michael addition, reductive amination, amine acylation, and Wittig olefination in 

5 the same pdt, although the apparent second order rate constants of these six reactions vaiy by 
more than 10-fold. ' • « ' » • 

[0441] . Detennining the outcome ofcom^ining all twelye reagents and templates ma 
single pot by using oligonucleotides of varying lengths;ii5 difficult due the large number (at least 
28) of possible products that could be. generated.' Accordingly, the length of the reagents as 15, 

10 20, 25, 30, 35, or 40 bases'were varied but the length oifthe templates was fixed at 1 1 bases 
(Figure 47). Each of the six complementary template-reagent pairs when reacted separately at 
pH 8.0 in the presence of 3 mMNaBHsCNi 10 mM EDC, and 7.5 mM sulfo->^ ^ 
expected amine conjugate addition, thiol conjugate addition, nitro-Michael acldition, reductive 
amination,'amine acylation, or Wittig olefinafioh products (Figure 47). Reaction efficiencies 

15 were greater than 50% relative to the corresponding individual reactions despite having to , 

compromise between differing optimal reaction conditions. Templates 15-20 were also prepared 
in a 3'-biotinylated form. The biotinylated templates demonstrated reactivities indistinguishable 
fi^om those of their non-biotinylated counterparts (Figure 47). 

[0442] Six separate reactions each containing twelve reactants then were perfonned at 

20 pH 8.0 in the presence of 3 mM NaBHaCN, 10 mM EDC, and 7.5 mM sulfo-NHS (Figure 48). 
Each reaction contained a different biotinylated template (15, 16, 17, 18, 19, or 20) together with 
five non-biotinylated templates (firom 15-20) and six reagents (21-25). These reactions were 
initiated by combining a solution containing 15-20 with a solution containing 21-25. The 
products that arose &om each biotinylated template were captured with streptavidin-^oated 
25 magnetic beads and identified by denaturing gel electrophoresis. Because the six reagents in 
each reaction contained oligonucleotides of unique lengths, the formation of any reaction 
products involving the biotinylated templates and any of the reagents could be detected. In all 
six cases, the biotinylated template formed only the single product programmed by its DNA 
sequence (Figure 48) despite the possibility of forming up to five other products in each 
30 reaction. Taken together, these findings indicate that reactions of significantly different rates 
requiring a variety of non-DNA-lmked accessory reagents can be directed by DNA-templated 
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synthesis in the same solution, even when both templates and reagents contain several different 
crdsslreactive functional groups. The ability of DNA templktes to direct multiple reactions at . 
concentrations that exclude non-templated ireactions ftom proceeding at appreciable rates' 
mimics, in a single solution, a spatially separated set of reactions. 

5 [0443] ' Compared to the use oftraditional synthetic methods, generating libraries of small 
molecules by DNA^emplated syndesis is Iffliited by'keverjd factors inclu^g the n^ 
prepare DNA-hnked reagents, the restriction of aqueous, DNA-compatible chemistries; and the 
. reliance o^ characterization methods such as mass sji^cfrometiymdelect^^ 

appropriate for molecular biology-scale (pgto ^ig) reactions. On the other hand, DNA-templated 

10 synthesis (i) allows the direct in vitro selection (as opposed to screening) and amplification of 
synthetic molecules with desired properties, (n) permits the preparation of synthetic libraries of 
unprecedented diversity, and (iii) requires only minute quantities of material for selection and 
identification of active hlwary members, hi additioni this Example demonstrates that potentially 
useful modes of reactivity not possible usmg current synthetic methods can be achieved in a 

1 5 DNA-templated format. For example, six different types of reactions can be performed 

simultaneously m one solution, provided that required non-DNA-linked accessory reagents are 
compatible. This reaction mode permits the diversification of synthetic small molecule libraries 
using different reaction types in a single solution. 

Materials and Methods 

20 Synthesis of Templates and Reagents 

[0444] Oligonucleotides were synthesized using standard automated soUd-phase 

techniques. Modified phosphoramidites and controUed-pore glass supports were obtained from 
Glen Research, Steriing, Virginia, USA. Unless otherwise noted, functionaUzed templates and 
reagents wwe synthesized by reacting 5'-H2N(CH20)2 terminated oligonucleotides (for 

25 templates) or 3'-OP03-CH2CH(CH20H)(CH2)4NH2 terminated oligonucleotides (for reagents) in 
a 9:1 mixture of aqueous 200 mM pH 7.2 sodium phosphate buffer:DMF containing 2 mg/mL of 
the appropriate N-hydroxysuccuiimide ester (Pierce, Rockford, IL, USA) at 25°C. 
[0445] For the aldehyde and nitroalkane-linked oligonucleotides (4b, 4c 5b, 6a, 17, 24, 

and 26, Figures 46 and 47) the NHS esters were generated by combining the appropriate 

30 carboxylic acid (900 mM in DMF) with equal volumes of dicyclohexylcarbodiimide (900 mM in 
DMF) and NHS (900 mM in DMF) for 90 minutes. Phosphorane-linked oligonucleotides (2b 
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and 50, Figures 46 and 47) were prepared by a 90 minute reaction of the ^propriate amino- 
terminated oligonucleotide with 0. 1 voluifaes of a 20 mg/mL DMF solution of the NHS ester of ^ 
iodoacetic acid (SIA, Pierce, Rockford, IL* USA) in pH 7.2 buffer as above, followed by 
addition of 0. 1 volumes of a 20 mg/mL solution of 4-dipheBylphosphinobenzoic acid in DMF. . 
5 ThioHinked template 16 was synthesized by reacting ethylene glycol bis(succinimidylsuccinate) 
(EGS, Pierce, Rockford, IL,.USA) with the appropriate oligonucleotide for \5 mihutefe, followed 
' by addition of 0.1 volumes of 300 mM 2-aminoethanethiol. Reagent 5a was synthesized using 
3'-OP03-(CH2)3SS(CH2)30DMT functionalized controlled-pore glass (CPG) supjjbrt and 
reduced prior to use according to the manufacturer's protocol. 

1 0 [0446] The 3 -biotinylated oligonucleotides were prepared using biotin-TEG CPG (Glen 

Research, Sterling, Virginia, USA). Products arising from biotinylated templates were purified 
by mixing with 1.05 equivalents of streptavidin-linked magnetic beads (Roche), washing twice 
with 4 M guanidinium hydrochloride, anh eluting with aqueous 1 0 mM Tris pH 7.6 with 1 mM 
biotin at «0**C. 

1 5 Synthesis of Linkers 

(04471 Linkers between DNA oligonucleotides and the functional groups in 1 a-6e are as 

follows; lb and Ic: DNA-5'-NH2; la, 2a-2c, 3a, and 3c: DNA-5'-0(CH2)20(CH2)2-NHs 5a: 
DNA.3'-0-(CH2)3SH; 4a-4c, 5b, 5«^ 6a, and 6c : DNA-3*-0-CH2CH(CH20H)(CH2)4NH-. , 
Oligonucleotide sequences used to generate all possible products in Figure 46 (lanes 5, 9, and 

20 14), with annealing regions underlined: R-> TATCTACAGAG -3' [SEQ ID NO: 106] (la-lc); R- 
TATCTACAGAG TAGTCT-3' FSEO ID NO: 1 07] (2a-2c); R- 

TAICTACAGAGTAGTCTAATGAC-3' [SEQ ID NO: 108] (3a-3c); 5^CAG CCTCTGTAGAT > 
R [SEQ ID NO: 109] (4a-4c); S'-CTCAGC CTCTGTAGAT -R [SEQ ID NO: 110] (5a-5c); 5'- 
GGCTCAG CCTCTGTAGAT' R [SEQ ID NO: 1 1 1] (6a-6c). Functionalized templates and 
25 reagents were purified by gel filtration (Sephadex G-25) followed by reverse-phase HPLC (0. 1 
M triethylammonium acetate/acetonitrile gradient). Representative functionalized templates and 
reagents were further characterized by MALDI mass spectrometry. 

Reaction Conditions 

[0448] All reactions were performed by dissolving reagents and templates in separate 

30 vessels in pure water before combining them into a solution of 50 mM aqueous TAPS buffer, pH 
8.0, 250 mM NaCl at 25 for 16 hours with DNA-linked reactants at 60 nM (Figure 47) or at 
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12.5 nM (Figures 47 and 48). NaBHjCN. EDC, and sylfo^NHS were present when appropriate . 
as described. Products' were analyzed by denaturing poiyacrylamide gel electrophoresis using • 
ethidium biomiile staining and UV trtnsillupiinatioii; Differences m charge states, attached 
fimctibnal groups, and partial secondary structute result6d in modest vacations in gel mobility 
for differ^t fonctioftalized oUgonucleotides of the same length (Figures 46-48). 
i?vo»»»iA « • A-Templated Functioiial flrnnp Transformations ' 
[04491 '. While coupling reactions' are Weful for birilding molecular diversity, tiie 
development of DNA-templated functional group titoffonnations can significantly expand the 
types of structures that can be generated. DNA-templated" synthesis can be used to transform- 
functional groups by unmasking or interconverting funistionalities used in coupling reactions. By 
exposing or creating a reactive group within' a 'sequence-programmed subset of a library. DNA- 
templated functional group interconversions permit hT?rary diversity to be generated by . , 
sequential unmasldng (Figure 49). In Figure 49. PGl -PG3 represent tiireSe differ^t protecting 
groups, and A-F represent reactants capable of reacting with deprotected fimctionalities, of a 
scaffold molecule. The sequential unmasking approach offers tiie major advantage of permitting 
reactants that would normaUy laclc the abiHty to be Imked to DNA (for example, siinple alkyl 
halides) to contribute to Ubrary diversity by reacting with a sequence-specified subset of 
templates in an intermolecular, non-templated reaction mode. This advantage significantly 
increases the types of structures that can be generated. On the other hand, sequential unmasking 
has the drawback of requiring more manipulations per "step" because previously used small 
molecule reactants must be removed between DNA-templated functional group unmaskings. 
This removal can be rapidly performed on tiie entire Ubrary using a simple gel filtiation 
cartridge. 

DNA-Templated Deprotec^n 

[04501 The first class of DNA-templated functional group transformations sequence- 

specificaUy unmask amine, thiol, alcohol, carboxylate, or aldehyde groups firom protected forms, 
hi the Staudinger reaction, azides react with phosphines to yield aza-ylides (Staudinger et al. 
(1919) Helv. Chim. Acta. 2: 635-646). When tiiis reaction is performed in aqueous media, the 
aza-ylides undergo spontaneous hydrolysis to provide amines and phosphine oxides (Scriven et 
al. (1988) Chem. rev. 88: 297-368). DNA-linked aryl and alkyl phosphine reagents, when 
combined with azide-linked DNA templates, permit sequence-specific amine deprotection 
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(Figure 50A). DNA-linked phosphines and DNA-linked azides have both been used 
successfully in previous DNA-templated reactions. As an ialtdrnative DNA-templated amine 
deprotection, the nucleophilic aromatic ](p;y^?-substitution of o-nitrobenzenesulfonamides ' 
(prepared from amines and commercially available o-nitrobenzene sulfonylphloride) can yield . 
5 free amines.(Figure SOB). This reaction is known to proceed efficiently in the presence of 
deprotonated thiophenols, so at pH > 8 the DNA-templated attack of thiopbenol-linked reagents 
on ^?-nitrobenzenesulfonamide-linked templates can permit isequence-specific amine deprotection 
(Fukuyamae/a/. (1999) Synlett 8: 1301-1303). ■ 

[0451] Once optimized, DNA-templated amine deprotection reactions can be extended to 

ID include deprotection reactions for alcohols and thiols. Kusiunoto and co-workers halve reported 
that 4-aminobutyryl esters undergo spontaneous intramolecular lactam formation to afford 2- 
pyrrolidinone and the lib^ated hydroxyl group in excellent yields (Kusumoto et al. (1986) Bull, 
Chem. Soc. Jpn. 59: 1296-1298). Kahne'and co-workers have used this reaction effectively in 
aqueous media (Thomson et al (1999) J. Am. Chem. Soc. 121 : 1237-1244). A DNA-templated 
15 hydroxyl group deprotection is shown in Figure SOC. If lactam formation is slow, the reaction 
can be heated or Lewis acids can be added since sequence specificity is not required after amine 
deprotection. An analogous DNA-templated thiol deprotection that uses 4-azidobutyryl 
thioesters is shown in Figure SOC. It is contemplated that these groups will be stable to 
hydrolysis under a wide range of conditions. 

20 [0452] Palladium-mediated deallylation can also be used in DNA-templated carboxylate, 

amine, hydroxyl, or thiol deprotections. Allyloxycarbonyl (AUoc) esters, carbonates, . 

thiocarbonates, and carbamates are treated with DNA-linked Pd ligands such as the 2, 2*- 
bis(diphenylphosphmo)-l, I'-bmaphthyl (BINAP) reagent as shown in Figure SOD (prepared 
from the known BINAP-6-butanoic acid) in the presence of pM to concentrations of water- 

25 soluble Pd sources such as NaaPdCU (Bayston et al (1 998) J. Org. Chem. 63 : 3 1 37-3 1 40). The 
DNA-linked Pd ligands increase the effective molarity of Pd at complementary templates, but 
not at mismatched templates, to permit the sequence-specific deprotection of carboxylate, 
hydroxyl, thiol, and amine groups from the corresponding Alloc esters, carbonates, 
thiocarbonates, and carbamates, respectively (Figure SOD) (Genet et al. (1994) TETRAHEDRON 

30 50: 497-503). It is particularly encouraging that the rates of BINAP ligand dissociation from Pd 
have been measured during Pd-mediated aryl aminations and found to be much slower than the 
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rates of association and dissociation of substtate and products (Singh a/. (2002) J. Am. Chem. 
Soc. 124: 14104-141 1.4)." The Pd source" and.l^»e.DNA-Unked Pd ligands can be pte-incubated at 
high concentrations/'and then th^ resulting.<i>mplexes added ei 

mismatched tanplates at 60 nM coicentrations.' This procedure also results in sequence-specific 
Alloc deprt)tection if ligand-metal dissociation is slow relative to DNA annealing and I^d- 
catalyzed deallylation. ' . . ' • ■ • 

104S31 , Finally, transition metal salts "mduding Sc^ and Yb^* are known to catalyze ' . 
acetalhydroljrsis to yield aldehyde (Fukuzawae/«/.(:^001) Chem. ' . 

Conjugating the crown ether shown in Figure SOE to oligonucleotides permits DNA-templated ' 
aldehyde deprotections m the presence of lanthanide tnflates. These crown ether-Ln'^ 
complexes have been previously reported tb batalyie aqueous aldol reactions while completely 
sequestering one equiyal^t of Ln'* (Kobayishi ft al. (2001) Org. Lett. 3). Aldehyde 
deprotection is' highly sequence-specific because flie concentration of firee Ln^* should be 
negligible. ■ ' ' . " 

DNA-Templated Functional Group Interconversions 

[0454] The second class of DNA-templated fimctional group transformations 

interconverts groups generated fi-om or used by DNA-templated reactions. Two functional group 
interconversions are shown in Figure 51. Ruthenium(n) porphyrins in the presence of 2,6- 
disubstituted pyridine W^oxides catalyze the remarkably efficient epoxidation of a wide variety 
of simple and electron-deficient olefins (Higuchi et al. (1989) TETRAHEDRON LETT. 30: 6545- 
6548; Groves et al. (1985) J. AM. Chem. Soc. 107: 5790-5792; Zhang et al. (2002) ORG. LETT. 
4: 1911-1914; Yu etal. (2000) J. Am. Chem. Soc. 122: 5337-5342). Single-stranded DNA is 
stable in the presence of aqueous tetrakis(4-carboxyphenyl) porphyrin complexed with Ru(II), 
and Ru(II)-DNA conjugates have been previously reported (Hartmann et al (1997) J. Biol. 
INORG. Chem. 2: 427-432; Pascaly et al. (2002) J. AM. CHEM. SOC. 124: 9083-9092). DNA- 
templated olefin epoxidations using DNA-linked Ru(II) porphyrin catalysts are shown in Figure 
51A, which are prq)ared by coupling commercially available tetrakis(4-carboxyphenyl) 
porphyrin to amine-termmated oUgonucleotides (Hohnlin et al. (1999) BlOCONJUG. Chem. 10: 
1 122-1 130). The resulting DNA-linked porphyrin is metalated with Ru3(CO)i2 as described 
previously to afford the reagent shown in Figure 51 A. This fimctional group interconversion 
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bridges several versatile reactions by p«3initting products of DNA-templat«i Wittig olefinations 
aiid Heck couplings to become substrate^ for epoxide additioti reactions. 

[0455], As a second functional group interconversion, Imthanide trifl^^ 

aqueous Diels-Alder and hetero Diels-Alder cycloadditiofis proceed efficiently in water, and 

5 DNA-linked Lewis acid chelators such as binapthol, bis-trifylamides, or the crown ether shown 
in Figure 50E permit the sequence-specificDiels-AJder reaction between a template-linked 
aiddiyde and a free diene in solution (Figure 51B). "When Danishefekys diene is used, this. 
. ' fimttional. group transformation provides a,P-unsatiirated ketones that serve as substrates for 
subsequent DNA-templated conjugate addition reactions. Fully coordinated Ln^* complexes 

10 (such as those that arise from the crown ether) have W rq)orted to be kinetically 'stable yet 
peiinit efficient catalysis through facile Ugand exchange (Chappell et al. (1998) Inorg. Chem. 
37: 3989-3998). Moreover, DNA-linked lanthanide complexes have been previously used as 
stable luminescent agents in aqueous solutions and, therefore, these complexes are compatible 
with the fimctionaUty present in DNA (U et al. (1997) Bicxxjnjug. Chem. 8: 127-132). 

IS Example 9: Synthesis of Exemplary Compou nds and Libraries of Compounds 
A) Synthesis of a Pofycturbamate Library 

[0456] This Example demonstrates a strategy for producing an ampUfiable 

polycarbamate library. 

Overview 

20 [0457] Of the sixteen possible dinucleotide codons used to oicode the library, one is 

assigned a start codon function, and one is assigned to serve as a stop codon. An artificial 
genetic code then Is created assigning each of the up to 14 remaming dinucleotides to a different 
monomer. For geometric reasons one monomer actually contains a dicaibamate containing two 
side chains. Within each monomer, the dicaibamate is attached to the corresponding 

25 dinucleotide (analogous to a tRNA anticodon) through a sUyl enol ether linker which liberates 
the native DNA and the free carbamate upon treatment wifli fluoride. 

10458] The dinucleotide moiety exists as the activated 5'-2-methylimidazole phosphate, 

that has been demonstrated to serve as an excellent leaving group for template-directed 
oUgomerization of nucleotides yet is relatively stable under neutral or basic aqueous conditions 
30 (hioue et al (1982) J. MOL. BlOL. 162: 201; Rembold et al (1994) J. MOL. EVOL. 38: 205; Chen 
et al. (1985) J. MOL. BiOL. 181: 271; Acevedo et al. (1987) J. MOL. BiOL. 197: 187; Inoue et al. 
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(1981) J. AM. Chem. Soc 103: 7666; Schwartz aL (1985) SCIENCE 228: 585). The " . 
dicarbamate moiety e^tiste in a cyclic fdm Uri^ed through a vinyloxycarbonate linker, the 
vinylcarbonate group has been djemonstrated to be stable in neutral or basic aqueous conditions 
and further has been shown to provide carbamates in very high yields upon the addition of 

5 amines Olofson et aL (1977) Tetrahedron LetT; 18: 1563; Olofson et aL (1977) 

Tetrahedron tETT. 18: 1567; Olofson.e/ a/- (197^^ ' 
[0459] , Whenattafckedby anamineftomanascratpolycarbamatecham, me vmyr 
carbonate* linker, driven by the aromatization,of w-crespl, liberates a free amine. This frte amine 
subsequently serves as the nucleophile to attack the next vinyloxycarbonate, propagating the , 

10 polymerization of the growing carbamate chain. Such a strategy minimizes the potential for 
cross-reactivity and bi-directional polymeriziation by ensiaring that only one nucleophile is 
present at any time during polymerization.. , " ' , \ . 

[0460] Using the monomer described above^ artificial translation of DNA into a 

polycaibamate can be viewed as a three-sta:ge process. In the first stage, isingle stranded. DNA 
1 5 templates encoding the Ubrary are used to guide the assembly of the dinucleotide moieties, of the 
monomers, terminatmg with the "stop" monomer which possesses a 3'methyl ether'instead of a 
3'hydroxyl group (Figure 52). 

[0461] Once the nucleotides have assembled, the "start** monomer ending m a o- 

nitrobenzylcaibamates is photodeprotected to reveal the primary amme that initiates carbamate 

20 polymerization. Polymerization proceeds in the 5' to 3* direction along the DNA backbone, with 
each nucleophilic attack resulting in the subsequent unmasking of a new amine nucleophile. 
Attack of the "stop" monomer liberates an acetamide rather than an amine, thereby terminating 
polymerization (Figure 53). Because the DNA at this stage exists in a stable double-stranded 
form, variables such as temperature and pH may be explored to optimize polymerization 

25 efficiency. 

[0462] Following polymerization, the polycarbamate can be cleaved from the phosphate 

backbone of the DNA upon treatmCTit with fluoride. Desilylation of the enol ether Imker and the 
elimination of the phosphate driven by the resulting release of phenol provides the 
polycarbamate covalently linked at its carboxy terminus to its encoding single-stranded DNA 
30 (Figure 54). 



wo 2004/016767 



PCT/US2003/02S984 



• -147- 

[04631 At this stage, the polycaibamate mapr be. completely liberated from ft^ 

base hydrolysis of thq ester linkage!. The libei^t^ polycarbamate can be putified by H^LC and 
retested to verify thkt iis desired, piopfcrties ^re intacif The free t>NA can be amplified using 
PGR, mutated with etror-prone PGR (Cadwell kt al (1992) PGR METHbDS Appl. 2: 28) or DNA 
shuffling (Stemmer (1994) Proc. NAm Acad. Sci. USA 91: 10747; Stemmer (1994) J^ature 
370: 389; VS. 'Patent 5,81 1,238), and/or secpenced to reveal the primary strjicture of the. 

, ' ' ' . . •' ..-'i ' .'i . . » " 

polycarbamate polymer. . i - ' • 

Synthesis of monomer units • ... ' ' 

[0464] • After the monomCTS are synthesized, the asisembly and polymerization of the . 
monomers on the DNA scaffold should occur spontaneously. Shikimic acid 1, available 
commerciklly. biosynfli^ticaUy (Davis (19^5) Adv. Enzymol. 16: 287). or by short syntheses 
from D-m9nnose(neet^/ a/. (1984) J. GHfii^. '800.905; Harvey a/.. (1991) TE^ 
Lett. 32:' 41 11), serves as a convenient starting point for the mononaer synthesis. The syn 
hydroxyl groups are protected as the /vmeth'oxybenzylidene, and remainiiig hydroxyl group as 
the tert-butyldimethylsilyl ether to afford 2. The caAoxylate moiety of the protected shikimic 
acid then is completely reduced by lithium aluminum hydride (LAH) reduction, tosylation of the 
resulting alcohol, and further reduction with LAH to provide 3. 



1) p-MeOQiH4CHO, TsOH ^X^!^ I) LiAIH4 

2) TBSa,iimdaa>le j | 2)Tsa.pyridtiie 





''%TBS 3)LiAl4 or^'V''^^ 




VOTES 



2 3 



[04651 Gommercially available and syntheticaUy accessible N-protected amino acids can 

serve as the starting materials for the dicaibamate moiety of each monomer. Reactive side 
chains are protected as photolabile ethers, esters, acetals. carbamates, or thioethers. Using 
chemistry previously developed (Cho et al. (1993) SCIENCE 261: 1303), a desired amino acid 4 is 
converted to the corresponding amino alcohol 5 by mixed anhydride formation with 
isobutylchloroformate foUowed by reduction with sodium borohydride. The amino alcohol then 
is converted to the activated carbonate by treatment with/^-mtrophenylchlorDfoImate to afford 6, 
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which then is coupled to a second amino alcohol 7 to provide, following hydroxyl group 
silylation and FMOC deprotection, carbamate 8. . . . 



4 R, , SR.'. 6 Ri 



2) TESCI, imid. 

3) piperidine 




[0466] Coupling of carbamate 8 onto the shikimic acid-derived linker proceeds as 

follows. The allylic hydroxyl group of 3 is deprotected with tetra-butylammonium fluoride 
(TBAF), treated with triflic anhydride to form the secondary triflate, then displaced with 
aminocarbamate 8 to afford 9. Presence of the vinylic methyl group in 3 should assist in 

1 0 minimizing the amount of undesired product resulting from Sn2 ' addition (Magid (1 980) 

Tetrahedron 36: 1901). Michael additions of deprotonated carbamates to a,^-unsaturated 
esters have been well documented (Collado et al (1994) TETRAHEDRON Lett, 35: 8037; Hirama 
et aL (1985) J. Am. Chem. Soc. 107: 1797; Nagasaka et al (1989) Heterocycles 29: 155; 
Shishido et al (1987) J. Chem. Soc. 993; Hirama et al (1989) Heterocycles 28: 1229). By 

1 5 analogy, the secondary amine is protected as the o-nitrobenzyl carbamate (NBOC), and the 

resulting compound is deprotonated at the carbamate nitrogen. This deprotonation can typically 
be performed with either sodium hydride or potassium rer^butyloxide (Collado et al (1994) 
supra, Hirama et al (1985) supra\ Nagasaka et al (1989) supra\ Shishido et al (1987) supra\ 
Hirama et al (1989) supra), although other bases may be utilized to minmaize deprotonation of 

20 the nitrobenzylic protons. Additions of the deprotonated carbamate to oc,^unsaturated ketone 
10, followed by trapping of the resulting enolate with /err-butyldimethyl silyl chloride (TBSCl), 
should afford silyl enol ether 11. The previously found stereoselectivity of conjugate additions 
to 5-substituted enones such as 10 (House et al (1968) J. Org. Chem. 33: 949; Still et al (1981) 
Tetrahedron 37: 3981) suggests that 11 should be formed preferentially over its diastereomer. 

25 Ketone 1 0, the precursor to the fluoride-cieavable carbamate-phosphate linker, may be 
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synthesized ftom 2 by one pot decarboxylation ([Bai|ton at. (1985) TETRA-HEDRON 41 : 3901) 
followed by treatment mA tetrdjutylanmoplum fluoride ^TBAF), Swem oxidation of .tKe 
resulting alcohol to aififoid 12, deprotecltion with 2, 3-dichloro-5, is-dicyano-'l, 4Tbenzoqumone 
(DDQ)," selective nitrobenzyl ettia- fotmation of the les5-liindered alcohdli and reduction of the 
5 a-hydroxyl' group with samarium iodide (Mol^dei (1994) Organic Reactions 46: 21 1). 




pMsOPti y II 



[04671 The/y-methoxybenzylidiene group of 11 is transformed into the a-hydroxy /?- 

10 methoxybenzyl (PMB) ether using sodium cyanoborohydride and trimethylsilyl chloride 

(TMSCl) (Johansson et al (1984) J. Chem. Soc. 2371) and the TBS group dqprotected with 2% 
HF (conditions that should not affect the TBS ether (Boschelli et al (1985) Tetrahedron Lett. 
26: 5239)) to provide 13. The PMB group, following precedent (Johansson et al (1984) J, 
Chem. Soc. 2371; SutherUn et al (1993) Tetrahedron Lett. 34: 4897), diould remain on the 
1 5 more hindered secondary alcohol. The two free hydroxyl groups may be macrocyclized by very 
slow addition of 13 to a solution ofp-nitrophenyl chloroformate (or another phosgene analog), 
providing 14. The PMB ether is deprotected, and the resulting alcohol is converted into a triflate 
and eliminated under kinetic conditions with a sterically hindered base to afford 
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vinylbxycarbonate 15. Photodeprotection of the nitiobenzxl either and nitrobenzyl caibamate 
yields alcohol 16. 




5 

[0468] The monomer synthesis is completed by the sequential coupling of three 

components. Chlorodiisopropylaminophosphine 17 is synthesized by the reaction of PCI3 witii 
diisopropylamine (Kmg et al. (1984) J. Org. Chem. 49: 1784). Resin-bound (or 3'-o- 
nitrobenzylether protected) nucleoside 18 is coupled to 17 to afford phosphoramidite 19. 

10 Subsequent coupling of 19 with the nucleoside 20 (Inoue et al. (1981) J. Am. Chem. Soc. 103: 
7666) provides 21. Alcohol 16 then is reacted with 21 to yield, after careful oxidation using m- 
chloroperbenzioc acid (MCPBA) or I2 followed by cleavage from the reran (or photo- 
deprotection), the completed monomer 22. This strategy of sequential co»q>ling of 17 with 
alcohols has been successfully used to generate phosphates bearing three different alkoxy 

15 substituents in exceUent yields (Bannwarth et al. (1987) Helv. Chim. ACTA 70: 175). 
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[0469] .The unique start and stop monomers used to initiate and terminate carbamate 

polymerization may be synthesized by simple modification of the above scheme. ' 

5 B) MacrocyciicFumaramideLibraty 

[04701 This Example demonstrates that DNA templated-synthesis can be used to create a 

library of smaH molecules, fa particular, it has been possible to create a DNA-templated 
macrocycUc fumaramide library as shown in Figure 55. 

[047ir The Ubrary synthesis scheme employs robust DNA-templated amine acylatio^ 
1 0 and intramolecular Wittig olefination reactions to generate diverse and partially rigid 
macrocyclic fumaramides. The fumaramide group is stable to neutral solutions but is 
sufficiently electrophilic to covalently capture nucleophiles when presented at elevated effective 
molarities, Nucleophilic side chains found in target protein active sites may, therefore, be 
covalently trapped by the fumaramide functionality. The key steps in the library synthesis are (i) 
15 DNA-templated amine acylation using the sulfone linker, (ii) DNA-templated amine acylation 
usmg the diol linker, (m), DNA-templated amine acylation using a phosphorane linker, and (iv) 
intramolecular Wittig olefinaton to afford macrocyclic fumaramides linked to their 
coiresponding DNA templates (Figure 55). 
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[0472] Macrocyclization is potentially the most challenging step of the library synthesis. 

To test this, seven model step 3 substrate^ were prepared to vahdate the third DN A-templated 
step and the subsequent macrocyclization (Figure 56). Each substrate contained a variety of R| 
and R2 groups of varying steric hindrances, stereochemistries, and backbone chain lengths. The 

5 model substrates were each mixed with one of four biotinylated DNA-linked reagents containing 
• both a caiboxylic acid and a phosphorane under DNA-templated amine acyiatiori conditions. To 
' evaluate both amide bond formation and Wittig macrocyclization, a two-stage purification 
'Strategy was implemented. The ten products of the pNA-templated amine acylation (Figure 56 
and step 3 in Figure 55) were purified away from unreacted templates by capture with 

10 streptavidin-linked magnetic beads. The captured intermediates thei? were treated with pH 8.0 
buffer to induce Wittig olefination-mediated macrocyclization. Macrocyclization created the 
fiunaramide products (lacking the biotinylated reagent oligonucleotide) to self-elute from the 
magnetic beads. In every case, amine acylation and macrocyclization proceeded efficiently 
(Figure 56) despite the wide range of steric, stereochemical, and backbone diversity in the 

1 5 intermediates. Control reactions at pH < 6 (too low to form the phosphorane), or at pH 8.0 but 
lacking the aldehyde group, failed to elute any product. In summary, the DNA-templated amine 
acylation-Wittig macrocyclization sequence is a highly efficient route to produce desired 
macrocyclic fumaramides. 

[0473] After validating the macrocylization step, a DNA-templated macrocyclic 

20 fiimaramide library was synthesized. The pilot library was restricted to 83 macrocyclic 

fijmaramides containing 4 x 4 x 5 = 80 macrocycles plus three macrocycles containing either an 
aryl sulfonamide, a desthiobiotin group, or both groups as positive controls for binding to 
carbonic anhydrase or avidin. Reagent oligonucleotides consisted of the six-base codons flanked 
by two constant bases on eiflier side conjugated at their 3' ends to aminoacyl donors through the 
25 sulfone, diol, or phosphorane linker as previously reported. Multi-jig quantities of each of the 19 
DNA-linked amine acylation reagents shown in Figure 57 were created in a single day starting 
from conunercially available free amino acids, linker precursors, and reagent oligonucleotides as 
described previously. The building blocks were chosen to sample structural and functional 
group diversity and mclude (L) and (D) a-amino acids, a,a'-disubstituted amino acids, and p- 
30 amino acids bearing alkyl, alkenyl, aryl, polar, heterocyclic, negatively charged, and positively 
charged side chains (Figure 57). Each of the 19 reagents was successfiiUy tested in single 
template reactions and generated product with < 30% variance in efficiency. AH 1 9 reagents 
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reacts with high sequence-specificity, generating no significant product with mismatched 

• • • ' '* . 

templates even when five equivalents of i*eagent were used. 

• . 1'. • '.■ . , 

[04741 , The macrocyclic fumaramide-encoding template library was prepared fi-om 

modular coding region cassettes in a single solution (JPlgnirii 58). Oligonucleotides representing 

5 all reagent annealing regions were combined together with T4 DNA ligase in a single solution. 

Due to the sequence design of the oligonucleotide teiinini, the desired assembled template 

library is the only possible product when thje ligation* is complete. Excellent yields of the desired 

teipplate library resulted fi-om a 4 hour ligation reaction. Following ligation. T7 exonuclease 

was added to degrade the non-coding template strand (the desired coding strand is protected by 

10 its non-naturai S'-aminoethylene glycol linker). This procedure provided 20 nmol of the 5' 

fiihctionalized single-stranded template library in 6 hours. The constant 10-base primer binding 

regions at the ends of each template were sufficient to permit PGR amplification of as few as 

1,000 molecules (10"^^ mol) of template from this assembled material. Three positive control 

templates were added to produce a library containing 83 templates which were then combined 

15 with 3.0 equivalents of five step 1 reagents to produce the first library synthesis step. Products 

were purified as described above, then subjected to the second DNA-templated library synthesis 

step with five new reagents complementing the step 2 coding regions. The efficiency of both 

DNA-templated pilot library steps was judged to exceed 70% by denaturing gel electrophoresis 

and densitometry. 

20 [0475] As a model for the deprotection prior to step 3, the Pd-mediated deprotection of 

DNA-linked Alloc carbamates was executed with excellent efficiency as judged by the liberation 
of -1 equivalent of fi-ee amine groups. The products from each library synthesis step were 
analyzed by mass spectrometry. In the hope of eliminating the deprotection step, the necessity of 
protecting and deprotecting the side chain amine in the starting material was tested because the 

25 lower pKa of the a-amine may permit selective reaction of the a-amine at a pH that ensures 
protonation of the side chain amine. It was found that the a-amine group indeed could be 
selectively and efficiently acylated in a DNA-templated reaction in the presence of unprotected 
side-chain amine at pH 6.0. This may eliminate the need for a deprotection step following the 
second DNA-templated amide formation in step 2. 

[0476] Several model substrates then were synthesized to validate the third DNA- 

templated step and the subsequent macrocycUzation. Each model substrate consisted of a 



30 
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template-linked intermediate containing a free amine group and a diol linker separated by 
varying numbers of bonds to simulate groups pf differingsizes during library synthesis'/ The ' 
model substrates were each mbced with one of several biotinylated DNA-lihked reagents 
containing both a carboxylic acid and a phosphorane under DNA-templated amide formation 

5 condition^ (pH 6.0, 20 mM EDC, 1 5 mM sulfo-NHS). DNA-templated amide formatiqn 

proceeded in >60% yields and products were'captured \vith avidin-linked magnetic beads. Bead-. 
bound product was treated with 10 mM NalOi it pH- 8.5' to effect diol cleavage. The resulting 
aldehyde group reacted with the phosphorane in a spontaneous Wittig olefination reaction to 
furnish a cycHc fumaramide, free from the biotin, ^oup, that self-elutes from the ayidin-linked . 

10 beads (Figure 59). Importantly, all of the model substrates under went macrocyclization in 

>60% yield, suggesting that this reaction is tolerant of a variety of substrate geometries. Control 
reactions confirmed that ftimaramide formation was dependent on (i) ijeriodate cleavage, (ii) the 
presence of the phosphorane group, and (iii) successful DNA-templated amide formation ' 
(required for capture onto avidin-linked beads). 

15 C) PNA Polymer Library Formation 

[0477] Despite significant successes, the generaUty and sequence-specificity of template- 

directed polymerization is still largely unexplored. For example, the efficient and sequence- 
specific templated polymerization of easily functionalized synthetic monomers lacking a ribose 
backbone has not been reported. Such a system would raise the possibility of evolving polymers 

20 comprised of these synthetic monomers through iterated cycles of translation (polymerization), 
selection, and amplification presently available only to DNA, RNA, and proteins. 
[0478] The minimal requirements of a system for synthetic polymer evolution are: (i) 

distance-dependent nucleic acid-templated monomer coupling reactions to ensure that 
oligomerization proceeds exclusively between adjacently annealed monomers; (ii) efficient 

25 nucleic acid-templated oligomerization to provide sufficient yields of fiilUength products for in 
vitro selections; (iii) stable linkage of each synthetic polymer to its encoding template to ensure 
the survival of the appropriate template during polymer selection; and (iv) a readily 
functionalized synthetic monomer backbone to introduce tailor made functionality into the 
polymer. 

30 [0479] In order to test the feasibility of producing polymers by DNA templated synthesis, 

DNA-templated amine acylation, Wittig olefination, reductive amination, and olefin metathesis 
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reactions were tested for their ability to translate DNA sequences into functionaliz^d peptide 
nucleic acid (PNA) polymers. The proposed PNA monomers are stable and can be easily 
sypthesized ftom commercially available ot-amino acids containing a wide variety of functional 
groups (Haaima et al. (1996) Angew. Chem. Int. Ed. Engl. 35: 1939-1942; Puschl et al. (1998) 
5 Tetrahedron Lett. 39: 4707). PNAs containing functionalized side chains are known to retain 
their ability to hybridize to DNA sequence-specifically (Haaima et al. (1996) supra; Puschl et aL 
' (1998) * , 

' [Q480] , In the first strategy, PNA serves as the iJackbone of the fiinctional polymer and 
displays the functional groups of each monomer. In another strategy, the DNA-templated PNA 
1 0 polymerizations organize reactive functional groups, enabling a second polymerization reaction 
between these functional groups (for example, an olefin metathesis or Wittig olefination 
reaction) to form the synthetic polymer backbone of interest. 

[0481] In both strategies templates consist of 5'-functionalized, single-stranded DNA 

libraries 50-200 bases long that contain a central region of variable bases. These templates are 

1 5 made by standard solid-phase oligonucleotide synthesis combined with enzyme-catalyzed 

ligation for longer templates. Monomer structures are chosen to provide chemical functionalities 
including (i) Br0nsted acidic and basic groups, (ii) nucleophilic and electrophilic groups, (iii) 
conjugated olefins suitable for post-PNA polymerization metathesis, and (iv) metal-binding 
groups capable of fomiing complexes with chemically potent transition metals. Representative 

20 monomer structures containing these functionalities are shown in Figure 60. The DNA bases 
encoding each monomer (the "genetic code" of these polymers) are chosen firom the examples 
shown in Table 10 to preclude the possibility of out-of-firame annealing. These genetic codes 
should prevent undesired firameshifled DNA-templated polymer translation. 
[0482] Libraries of 5*-functionalized hairpin DNA templates containing up to 10^^ 

25 different sequences are combined with sets of monomers imder conditions that optimize the 
efficiency and sequence fidelity of each DNA-templated polymerization. Synthetic polymer 
strands then are de-annealed fi-om their DNA templates by denaturation, and the 3* DNA hairpin 
primer extended using DNA polymerase to generate hairpin DNA templates linked to now 
liberated single-stranded synthetic polymers (Figure 61). Libraries are characterized by gel 

30 electrophoresis and MALDI mass spectrometry, and individual representative library members 
are also characterized fi*om single template reactions to confirm expected reaction efficiencies. 
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[04831 Once the libraries of DNA-liiiked PNAs «re characterized, they can be subjected 

to three types of in vitro selections for: (1) foldiiig: (ii) target binding, or (iii) catalysis. I^rior to • 
selection, polymCTS ^tli anticipated m6tal bidding abiUty are incubated with 6ne or more water- 
compatible metal sources. Selections for folding are performed using the gel electrophoresis 
5 selection described iri Example 10. Pblymers capable of folding in the presence, but noj in the 
absence, of pietals serve as especially attractiyb starting points for the next tw,o types of \ . ^ 

" . ' ' • . '. . • . . * I 

selections. . . 

. ' • . . ■ . •. 

[04841 Selections for target binding can be condj^cted by incubating the solution-phase 

polymer library with either immobihzed target or with biotm^^ . 

1 0 streptavidin-linked beads. ' Non-binders are removed by washing, and polymers with desired 

binding properties are eluted by chemical den'ati^ation or by adding excess authentic ia-ee ligand. 
To complete one cycle of functionalized PNA eVpIutioh, the DNA templates corresponding to 
the desired'PNA Hbrary members are amplified by PGR using one primer coiitaining the 5'- 
functionalized hairpin primer and a biotinylat'ed second primer, optionally diversified by eijor- 

15 prone PGR (Galdwell ei al. (1992) PGR METHODS Applic. 2: 28-33), and then denatured into 
single stranded DNA and washed v^ath streptavidin^ beads to remove the non-coding template 
strand. The resulting pool of selected single-stranded, 5*-fimctionalized DNA completes the 
evolution cycle and enters subsequent rounds of DNA-templated translation, selection, 
diversification, and amplification. 

20 [04851 Selection for synthetic polymers that catalyze bond-forming or bond-cleaving 

reactions can also be performed. To select for bond-forming catalysts (for example, hetero 
Diels-Alder, Heck coupling, aldol reaction, or olefin metathesis catalysts), functionalized PNA 
library members are covalently linked to one substrate through their 5 ' hairpin termini. The 
other substrate of the reaction is synthesized as a derivative Imked to biotin. When dilute 

25 solutions of library-substrate conjugate are reacted with the substrate-biotin conjugate, those 
library members that catalyze bond formation induce self-biotmylation. Active bond forming 
catalysts then are separated firom inactive library members by capturing the former with 
immobilized streptavidin. In an analogous manner, fimctionalized PNAs diat catalyze bond 
cleavage reactions such as retro-aldol reactions, amide hydrolysis, elimmation reactions, or 

30 olefin dihydroxylation foUowed by sodium periodate cleavage can also be selected. In this case, 
library members are linked to biotinylated substrates such that the bond breakage reaction causes 
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the disconnection of the biotin moiety from the library members; Active catalysts sqlf-elute from 

, * ' '* 

streptavidih-Iinked beads while inactive clatalysts remain bound. 

• . . •* * . . , 

Validatipn ofPNA Polymer Library Formation 

[0486] Peptide nucleic acids CPNAs) are attractive 'candidates for synthetic polymer 

evolution bbcause of their known ability to bind DNA sequence-specifically, and their simple 
preparation from synthetically accessible amino acids. Previous efforts to bligomerize PNAs-on 
DNA or KNA templates have used amine acylation as the coupling reaction and proceeded with 
modest efftciency and sequence specificity (Bohler H al (1995) NATURE 376: 578-581; Schmidt 
et al (1997) NUC. Acros RES. 25: 4792-4796). 

When five PNA tetramcrs were combined using a variety of aqueous amipe acylation 
conditions in the presence of DNA templates containing complementary 20-base annealing 
regions, only modest fonnation (<20% yield) of full-length PNAs, representing five successive 
coupling reactions, were observed. Even more problematic, however, was the formation of 
higher molecular weight products indepe ndent of the position of a mismatched 4base'annealing 
region in the template. These observations indicate that PNAs are able to couple using amine 
acylation chemistry even when not adjacently annealed, leading to an unpredictable mixture of 
products. 

[0487] It was contemplated that the distance independence previously observed in DNA- 

templated amine acylation reactions was the origin of the poor regiospecificity of amme 
acylation-mediated PNA couplings. This Example shows that it is possible to overcome this 
problem by replacing the distance independent amine acylation reaction with a distance . . . 

dq>endent DNA-templated reaction, such as a reductive amination reaction. 
[0488] In order to test this, a thymine-containmg PNA monomer amino aldehyde was 

synthesized and coupled to threonine-linked resin foUowing the method of Ede and Bray (Ede et 
al (1997) TETRAHEDRON LETTERS 38, 71 19-7122). Standard FMOC peptide synthesis was 
used to extend the peptide by three PNA monomers (final sequence: NH2-gact-CH0), and 
aqueous acidic cleavage from the resin yielded the desired tetrameric peptide aldehyde 1 (Figure 
62). 

[0489] A DNA template containing a 5'-amine-terminated hairpin and five successive 

repeats of the "codon" complementary to 1 (5'-AGTC-3') was combined with 8 1 in 
aqueous pH 8.5 buffer. The reactants were annealed (95«C to 25^C) and NaCNBHs was added 
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to 80 mlVf. The reactions were quenched by buffer;€xchange with a Sephadex colnnm, and 
subjected to denaturation (95'*C for 1 0 riimUtea in 50% fbnnainide) and 1 5% denaturing'P AGE: 
In Figure 62, lanes 1 and 2 show that the starting template was almost entirely consumed, and 
the higher molecular weight product was fonned in >90% yield. Gel purification of the product 

5 following femoval of the DNA templatewith DNase I and MALDI-TOF mass spectron?etry 
confimied full-length pentamer of the'gact PNAald^^^ ' ' 

templated reductive amination can mediate the .highly'effi^ . * . , 

aldehydes. , ' : . . • . * ' . 

10490] In Older to examine the regio- and sequence-specificity of tMsreacti'oii,tti^ , 

1 0 oligomerization reactions were rqpeated using a variety of template sequences. When a 

mismatched DNA template codon (5'~ATGC-3;) was introduced at the second, third, fourth, or 
fifth 4-base. coding re^on , the codon) :of the. template, highly efficient formation of products 
corresponding to the coupling of exactly one, two, three, or four copies of 1^ respectively, was 
observed (see. Figure 62, lanes 4-14). When the mismatched codon was placed at only the first 

15 coding position^ or at all five coding positions, no product formation was observed (see. Figure 
62, lanes 3 and 15). The termination of oligomerization at the first mismatched codon in every 
case indicates that the DNA-templated PNA aldehyde coupling requires functional group . 
adjacency (i.e., is highly distance dependent), and, therefore, is ideally suited for templated 
polymerization. 

20 10491] The sequence specificity of this system was probed by performing 

oligomerization experiments using DNA templates containing eight different mismatched codons 
(ATTC, ATGC, ATCC, AGGC, AGCC, ACTC, ACGC, or ACCC) in the third coding region. 
Even though four of these codons differ firom the matched sequence (ATGC) in only one base, in 
each case only two copies of 1 were coupled to the template (see Figure 62, lanes 5-12). This 

25 high degree of sequence specificity raises the possibility that libraries of different DNA 
sequences may be faithfully translated into libraries of corresponding polymers using this 
system, analogous to DNA-templated small molecule synthesis. 

[0492] It is contemplated that synthetic polymers with desired properties (e.^., binding or 

catalytic properties) may require lengths beyond those previously achieved eflBciently using 
30 nucleic acid-templated synthesis. In order to test the abihty of the above system to generate 
longer polymers in an efficient and sequence-specific manner, DNA templates were translated 
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with 40-base codiiig regions encoding ten repeats o^ the above matched or mismatched codon 
into corresponding PNA aldehyde polyiliers; . Eolymeriz3ations were earned out as in Figure 62; 
excq)t that the .PNA'i>eptide aldehyde tonceptration was 16 \jM and the.reaction time with 
NaCNBHa was 15 minutes. The results of these experiments are shown in Figure 63, where the 
5 lanes alterA^te betwefen template (with.mismatch at indicated position) and reactions (tepiplate 
plus the gapt monomer). As Figure 63 illustrWes, both denaturing PAGE anfi MALDI-TOF ' 
mass spectrometry revealed a single pfedomiiliBpt product corresponding to the polymerizatidn of 
a full length 40-mer PNA after 15 miriutes. Introducing a mismatched codon in the first, 'third, . 
fifth, seventh, or ninth coding positions on the teipplate again resulted in truncation .(Figure 63, - 
10 lanes 4, 6, 8, TO, and 12, respectively). This efficient translation of DNA sequences into 40 PNA 
bases (10 couplings) provides a polymer of length similar to DNA and RNA oligonucleotides 
with binding or catalytic properties, but made entirely of synthetic building blocks. 

[04931 • A challenging requiremait of creating libraries of sequence-defined synthetic 
polymers in this manner is maintaining sequence specificity in the presence of multiple 

1 5 monomers of closely related sequence. In order to study the specificity of DN A-templated 
polymerization using multiple PNA building blocks in a single solution, nine PNA aldehyde 
tetramers of the sequence NH2-gvvt-CHO (v = g, a, or c) were synthesized. In addition, nine 
DNA templates containing one of nine codons complementary to gwt at codon 5, and containing 
AGTC at the other nine positions were prepared. Reaction conditions were identical to those 

20 from Figure 63, except that the reaction time with NaCNBHa was further shortened to 5 minutes 
and incubation was carried out at 37**C. The first two lanes of each panel in Figure 64 show a 
positive control polymerization. Each additional set of four lanes corresponds to: (i) 20 pmol 
template, (ii) reaction with 14.4 jiM gact, (iii) reaction with 14.4 fiM gact plus 1.6 fiM PNA 
aldehyde complementary to the highlighted codon, and (iv) reaction with 14.4 jiM gact plus 0.2 

25 of each PNA aldehyde of the sequence gwt excq>t the PNA complementary to the 

highlighted codon. As expected, each of the nine templates was translated into a single 
predominant truncated product corresponding to the incorporation of four copies of 1 when 1 
was the only PNA building block included in the reaction (37 ^C, 5 min) (see, Figure 64). Full- 
length product was efficiently generated for all nine templates, however, when the PNA 

30 aldehyde complementary to the fifth coding sequence was included in addition to 1. When all 
PNA aldehyde tetramers were included in the reaction except the PNA complementary to the 
fifth coding region, only the truncated product was efficiently generated (see. Figure 64). 



wo 2004/016767 



PCTAJS2003/025984 



-160- 

[04941 Taken together, these experiments reveal that DNA-templated PNA aldehyde 

polyrnerizations maintain sequence specificity even when a mixture of different PNA building , 

' . r • • • • 

blocks are present in a single solution. ' 
D) Evolving Plastics 

5 [0495] In yet another embodiment, a nucleic acid DNA, KNA, derivative thereof) is 

attached to a polymerization catalyst Since nucleic aicids can fold into complex structures, the 
nucleic acid can be used to direct and/or affect the polymerization of a growing pblymer chain. 
For example, the nucleic acid may influence the selection of monomer units to be polymerized as 
well as how the polymerization reaction takes place {e.g., stereochemistry, tacticity, activity). 
10 The synthesized polymers may be selected for specific properties such molecular, weight, 

density, hydrophobicity, tacticity, stereoselectivity, eta, and the nucleic acid which formed an 
integral part of the catalyst which directed its synthesis may be amplified and evolved (Figure 
65A). Iterated cycles of ligand diversificktion, selection, and amplification allow for the true 
evolution of catalysts and polymers towards desired properties. 

1 5 [0496] By way of example, a library of DNA molecules is attached to Grubbs' 

ruthenium-based ring opening metathesis polymerization (ROMP) catalyst through a 
dihydroimidazole ligand (SchoU et al (1999) ORG. Lett. 1(6): 953) creating a large, diverse 
pool of potential catalytic molecules, each unique by nature of the fimctionalized ligand (see, 
Figure 65B). Functionalizmg the catalyst with a relatively large DNA-dehydroimidazole (DNA- 
20 DHI) ligand can alter the activity of the catalyst. Each DNA molecule has the potential to fold 
into a unique stereoelectronic shape which potentially has different selectivities and/or activities 
m the polymerization reaction (Figure 66). Therefore, the library of DNA ligands can be 
"translated" into a library of plastics upon the addition of various monomers. In certain 
embodiments, DNA-DHI ligands capable of covalently inserting themselves into the growing 
25 polymer, thus creating a polymer tagged with the DNA that encoded its creation, are used. 

Using the synthetic scheme shown in Figure 65A, dehydroimidazole (DHI) ligands are produced 
containing two chemical handles, one used to attach the DNA to the ligand, the other used to 
attach a pedant olefin to the DHI backbone. Rates of metathesis are known to vary widely based 
upon olefin substitution as well as the identity of the catalyst. Througji alteration of these 
30 variable, the rate of pendant olefin incorporation can be modulated such that ^pcndantoiefm metathesis 
' ^ROMP> thereby, allowing polymers of moderate to higji molecular weights to be formed 
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before insertion of the DNA tag and correspon&i^ polymer termination. Vinylic ethers are 
commonly used in RQMP to fimctibnalize thepbljoner temuni (Gordon et al (2000) Chem. 
BiOL. 7: 9-1 6), as wfeU ias produce polimers^f decreased molecular weight. . . 
[04971 . A polynier from the library is subsequently selected based on a desired property 
5 by electrophoresis, gel filtration, centrifugal sedimentation, partitioning into solvents of differmt 
hydrophobiciti^, etc. Amplification and diversification of the coding nucleic acid via • 
techniques s^ch as error-prone PGR or DNA shuffling followed by attachment to a DHI 
backbone will allow for production of another pool of potential ROMP catalysts enriched in .the 
selected activity (Figure 66). This method provides a neW approach to generating t>olyiheric. 
10 materials and the catalysts that create them. • . ^ 

Example 10: Development of Catalysts bv Te niplated Synthesis 

[04981 .An alternative approach to trarislating DNA into non-natural^ evolvable polymers 

takes advantage of the ability of some DNA polymerases to accept certain modified iiucleotide 
triphosphate substrates. (Perrin et al (2001) J. Am. Chem. Soc. 123: 1556; Perrin et al (1999) 

15 Nucleosides iNfucLEOTiDES 18: 377-91; Gourlain e/ /j/. (2001) Nucleic Acids Res. 29: 1898- 
1905; Lee et al. (2001) NUCLEIC Acids Res. 29: 1565-73; Sakthievel et al. (1998) Angew. 
Chem. Int. Ed. 37: 2872-2875). Several deoxyribonucleotides and ribonucleotides bearing 
modifications to groups that do not participate in' Watson-Crick hydrogen bonding are known to 
be inserted with high sequence fidelity opposite natural DNA templates. Importantly, single- 

20 stranded DNA containmg modified nucleotides can serve as efficient templates for flie DNA- 
polymerase-catalyzed incorporation of natural or modified mononucleotides. 

[0499] The fimctionalized nucleotides incorporated by DNA polymerases to date are 

shown in Figure 67. In one of the earliest examples of modified nucleotide incorporation by 
DNA polymerase, Toole and co-workers reported the acceptance of 5-(l-pentynyl)-deoxyuridine 

25 1 by Vent DNA polymerase under PCR conditions (Latham et al (1994) Nucleic Acids Res. 
22: 2817-22). Several additional 5-functiorialized deoxyuridines (2-7) derivatives were 
subsequently found to be accepted by thermostable DNA polymerases suitable for PCR 
(Sakthievel et al (1998) supra). The first fimctionalized purine accepted by DNA polymerase, 
deoxyadenosine analog 8, was incorporated into DNA by T7 DNA polymerase together with 

30 deoxyuridine analog 7 (Perrin et al (1999) Nucleosides Nucleotides 1 8: 377-91). DNA 

libraries containing both 7 and 8 were successfiilly selected for metal-independent RNA cleaving 
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activity (Perrin et al (2001) J. Am. Chem: Soc. 123; 1556-63). Williams and co-wc?rkers 
recently tested several deoxyuridine derivatives for acceptance by Taq DNA polymerases and 
coQcluded that acceptance is greatest wheii using C5-modiJSed uridines bearing rigid alkyne or 
rra/w-alkene groups such as 9 and 10 (Lee et aL (2001) Nucleic Acids Res, 29: 1 565-73). A . 
5 similar study (Gourlain et aL (2001) NUCLEIC AciDS RES. 29: 1898-1905) on C7-fiinctionalized 
7-deaza-deoxyadenosines revealed acceptance by Tag DNA polymerase of 7-amihoprDpyl. (11), 
•cw-7-aminopropenyl- (12),and7-aminopropynyl-7-deazadeoxyadenosine(13). / 

105001 With simple geAeral acid pnd general'base functionality, chiral metal centers 

would expand considerably the chemical scope of nucleic acids. Functionality aimed at binding 

10 chemically potent metal centers has yet to been incorporated into nucleic acid polyniers. Natural 
DNA has demonstrated the ability to fold m complex three-dimensional stmctures capable of 
stereospedfically binding target molecules (Lin et aL (1997) Chem. Biol. 4: 817-32; Lin et aL 
(1998) Chem. Biol. 5: 555-72; Schultze kt aL (1994) J. MoL. BlOL. 235: 1532-47) or catalyzing 
phosphodiester bond manipulation (Santoro et aL (1997) Proc. Natl. Acad. Sci. USA 94: 

15 4262-6; Breaker et aL (1995) CHEM. Biol. 2: 655-60; Li et aL (2000) Biochemistry 39: 3106- 
14; Li et aL (1999) Proc. Natl. Acad. Sci. USA 96: 2746-51), DNA depurination (Sheppard et 
aL (2000) Proc. Natl, Acad. Sci. USA 97: 7802-7807) and porphyrin metallation (Li et aL 
(1997) Biochemistry 36: 5589-99; Li et aL (1996) Nat. Struct. Biol. 3: 743-7). Non-natural 
nucleic acids augmented with the ability to bind chemically potent, water-compatible metals 

20 such Cu, La, Ni, Pd, Rh, Ru, or Sc may possess greatly expanded catalytic properties. For 
example, a Pd-binding oligonucleotide folded into a well-defined structure may possess the 
ability to catalyze Pd-mediated coupling reactions with a high degree of regiospecificity or 
stereospecificity. Similarly, non-natural nucleic acids that form chiral Sc bindmg sites may s^e 
as enantioselective cycloaddition or aldol addition catalysts. The ability of DNA polymerases to 

25 translate DNA sequences into these non-natural polymers coupled with in vitro selections for 
catalytic activities would therefore pennit the direct evolution of desired catalysts Scorn random 
libraries. 

[0501] Evolving catalysts in this approach addresses the difficulty of rationally designing 

catalytic active sites with specific chemical properties that has inspired recrat combinatorial 
30 approaches (Kuntz etaL (1999) CURR. Opm. CHEM. BIOL. 3: 313-319; Francis etaL (1998) 
CURR. Opin. Chem, Biol. 2: 422-8) to organometallic catalyst discovery. For example. 
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Hoveyda and co-Woricers identified Ti-based enantif)selective epoxidation catalysts by serial 
screening of peptide ligand? (Shimizu e/'k;(1997> Angew. Chem. Int. Ed. 36). Serial ' • 
screening was also uked by Jacob^en ahd co-^vorkers to identify peptide ligands .that form 
enantiofeelective epoxidation catalysts when coniplexed with metal catioiis (Francis et aL (1999) 
5 Angew. CtiEU. Int. Ed: Engl. 38: 937-941). • Recently, a peptide library containing phpsphine 
side chains was screened for the ability to catalyze malonate ester additio ' 
acetate in the presence of Pd (Gilbertsdn a/. (2000) ). AM. Chem, Soc. 122: 6522-6523). » 
[0502] The current approach differs fundamentally &om previous combinatorial catalyst ; 

discovery efforts in that it pennits catalysts with desired properties to spontaneously emerge . 
1 0 6om one pot, solution-phase libraries after evolutionary cycles of diversification, amplification, 

translation, and selection.' This strategy allows up to lO'^ different catalysts to be generated and 

.1,1 

selected for desired properties in a single expOTment. The compatibility of this approach with 

• ■ -I • , 

one-pot in '^itrq selections allows the direct selection for reaction catalysis rdther than screemng 
for a phenomenon associated with catalysis such as metal binding or heat generation. In 

1 5 addition, properties difficult to screen rapidly such as substrate stereospecificity or metal ^ 
selectivity can be directly selected using approaches disclosed herein. 
[0503] Key intermediates for a number of CS-fimctionalized uridine analogs and C7- 

fimctionalized 7-deazaadenosine analogs have beto synthesized for incorporation into non- 
natural DNA polymers. In addition, the synthesis of six C8-functionaUzed adenosine analogs as 

20 deoxyribonucleotide tripho^hates has been completed. 

Synthesh of Metal-Binding Nucleotides 

[0504] A strategy for synthesizing metal-binding uridine and 7-deazaadenosine analogs 

is shown in Figure 68. Both routes end with amide bond formation between NHS esters of 
metal-binding functional groups and amino modified deoxyribonucleotide triphosphates (7 and 

25 13). Analogs 7 and 13 as well as acetylated derivatives of 7 have been previously shown to be 
tolerated by DNA polymerases, including thermostable DNA polymerases suitable for PGR 
(Peirin et aL (2001) supra; Perrin et aL (1999) supra; Latham et aL (1994) Nucleic Acids 12v1PRE; 
22: 2817-22; Gourlain et aL (2001) Nucleic Acids Res. 29: 1898-1905; Lee etaL (2001) 
NUCLEIC Acids RES. 29: 1565-73; Sakthivel et aL (1998) Angew. Chem. Int. Ed. Engl. 37: 

30 2872-2875). This approach allows a wide variety of metal-binding ligands to be rapidly 

incoiporated into either nucleotide analog. Amino modified deoxy-ribonucleotide triphosphate 7 



wo 2004/016767 



PCT/US2003/025984 



- 164 - 

has.been synthesized using a previously. reported route (Sakt^vel et ah (1998) supra). As 
iHustrated in Figure 69, Heck coupling of commercially available 5-iodo-2'-deoxyuridine (22), 
Wijh N-allyltrifluoioacetamide provided fcianpound 23. thfe 5'-triphosphate group was ■ 
incorporated by treatment of compound 23 with trimethylphosphate, phosphorous oxychloiide . 
(POCb), a^d proton sponge (l,8-bis(dimefliyIamino)-naphthalene) followed by tri-«- 
butylammonium pyrophosphate, and the trifluoroacetamide group then removed with 'aqueous 
ammonia to afford C5-modified uridine intomediatb,?. . • . . 

.'(05051 C7-modified7-deazaadeposineinterme<Iiate 13, the key intermediate for 7- 

deazaadenosine analogs, has been synthesized. As shown m Figure 70, 
diethoxyethylcyanoacetate 24 was synthraized Wbromoacetal 25 and ethyl cyanbacetate 26 
following a known protocol (DavoU (1960) J. AM. Chem. Soc. 82: 131-138). Condensation of 
24 with thiourea provided pyrimidine 27. which was desulfutized with Raney nickel and then 
cyclized to pynolopyrimidine 28 with diWe aqueous HCl. Treatment of 28 with POCI3 afforded 
4-chloro^7-deazaadenine 29. The aryl iodide group which can serve as a Sonogashira coupling 
partner for installation of the propargylic amine in 13 was incorporated by reacting 29 with N- 
iodosuccinimide to generate 4-chloro-7-iodo-7-deazaadenine 30 in 13% overall yield from 
bromoacetal 25. Figure 71 shows glycosylation of compound 30 with protected deoxyribosyl 
chloride 38 (generated from deoxyribose as shown in Figure 72), followed by ammonolysis 
afforded 7-iodo-adenosine 39 (Gourlain et al (2001) Nucleic Acids RBS. 29: 1898-1905)! Pd- 
mediated Sonogashira coupling (Seela et al. (1999) Helv. Chem. ACTA 82: 1878-1898) of 39 
with N-propynyltrifluoroacetamide provides 40. which is then converted to the 5' nucleotide 
triphosphate and deprotected with ammonia to yield C7-modified 7-deazaadenosine intermediate 
13. 

[05061 In order to create a library of metal-binding uridine and adenosine analogs, a 

variety of metal-binding groups as NHS esters can be coupled to C5-modified uridine 
intemiediate 7 and C7-modified 7-deazaadenosine intermediate 13. Exemplary metal-binding 
groups are shown in Figure 68 and mclude phosphmes, tWopyridyl groups, and hemi-salen 
moieties. Additional deoxyadenosine derivatives, such as, for exan^ile, compounds 41 and 42 
shown in Figure 73. can be prepared by coupling alkyl- and vinyl trifluoroacetamides to 8- 
bromo-deoxyadenosine (31). These intomediates then are coupled with the NHS esters shown 
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in Figure 68 to generate a variety of metal-binding.S-ftinctiQnalized deoxyadeno^ine 

• *i * ** . 

tripbosplmtes. 

. !*• ' ■ ' • 

[0507] , • As alternative functionalized adenine analogs that will both probe the structural 

requirements of DNA polymerase acceptance and providi potential metal-binding functionality, 
5 six 8-modified deoxyadenosine triphosphates (Figure 74) have been synthesized. All functional 

groups were installed by addition to 8-bromo-deoxyadendsine (31), which was prepared by 

bromination of deoxyadenoisine in the presence of sc'aiidium chloride (ScCU), which we found to 
. ' greatly iijcrease product yield. Methyl-. (32), ethyl-';(3ii), and vinyladenosine (34) were 

synthesized by Pd-mediated Stille coupling of the corresponding alkyl tin reagent and 31 
10 (Mamos et al. (1992) TETRAHEDRON LETT. 33: 2413-2416). Methylamino- (35) (Nandanan et al 

(1999) J. Med. Chem. 42: 1625-1638), ethylamino- (36), and histaminoadenosine (37) were 

prepared by treatment of 23 with the corresponding amine in water or ethanoL The 5 '-nucleotide 

triphosphates of 32-37 were synthesized as described above. 

Acceptance of Nucleotides by Polymerase 

1 5 [0508] The ability of the modified nucleotide triphosphates containing metal-binding 

functionaUty shown in Figure 75 to be accepted by DNA polymerase enzymes was studied. 
Synthetic nucleotide triphosphates were purified by ion exchange and reverse-phase HPLC and 
were added to PGR reactions containing Tag DNA polymerase, three natural deoxynucleotide 
triphosphates, pUC19 template DNA, and two DNA primers. The primers were chosen to 

20 generate PCR products ranging firom 50 to 200 base pairs in length. Control PGR reactions 

contained the four natural deoxynucleotide triphosphates and no non-natural nucleotides, PGR 
reactions were analyzed by gel electrophoresis and the results indicate that functionalized uridine 
analogs 2, 3, 7, 13, 28, 29, and 30 were efficiently incorporated by Tag DNA polymerase over 30 
PCR cycles, while uridine analogs 31 and 32 were not efficiently incorporated (see. Figure 75). 

25 These results demonstrate that synthetic nucleotides containing metal-binding fimctionaUty can 
both be read as templates and incorporated as building blocks into non-natural nucleic acids 
using DNA polymerases. The 8-modified adenosine triphosphates 32 and 33 were not accepted 
by Tag DNA polymerase, suggesting possible rejection of modifications at C8 (see. Figure 75). 
(05091 Functionalized nucleotides that are especially interesting yet are not compatible 

30 with Tag, Pfu, or Vent thermostable DNA polymerases can be tested for their abiUty to 

participate in primer extension using other commercially available DNA polymerases including 
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the Klenow fragment of ^. coli DNA polymerase I, p or T4 DNA polymerase, or M-MuLV 
reverse transcriptase; . ' 
Generation of Polymer Librartei 

[05101 Non-natural polymer libraries containing synthetic metal-binding nucleotides that 

are compatible with DNA polymerases have bieen treated. Ubraries of lO" different modified 
nucleic acids consisting of 40 random bases fl^ced by two primer binto^ . 
containing the imidazole-linked thymine base sl^own, in figure 76 have been created. These 
libraries Were efficiently generated by three meflipds: sit?mdard PGR, error-p^one PGR, and .. 
primer extension using large quantities of template and stoichiometric quantities of bnly one . 
primer. The resuWngdpuble-stranded Ubraries 'were denatured and the desired strand isolated 
using the avidin-based purification system describeid hereinabove. Two rounds of in vitro 
selection on this library fox polymers that fold only in the presence of Gu^"" have beei^ paformed ^ 
using the gel elfeptrophoiesis selection for folded nudeic acids as described herein. 
(OSlll ■ Libraries ofnucleic acids containing the most promising polymerase-acc^ted 
metal-binding nucleotides, including 28-30 (Figure 75). can also be generated. Libraries can be 
genaated by PGR anq>lification or by primer extension of a synthetic DNA template library 
consisting of a random region of 20 or 40 nucleotides flanked by two 15-base constant priming 
regions (Figure 77). The priming regions contairi restriction endonudease cleavage sites to 
allow DNA sequencing of pools or individual Ubrary members. One primer contains a primary 
amine group at its 5* terminus and will become the coding strand of the library. The other 
primer contains a biotinylated 5' terminus and will become the non-coding strand. The PGR 
reaction includes one or two non-natural metal-binding deoxyribonudeotide triphosphates, three 
or two natural deoxyribonudeotide triphosphates, and a DNA polymerase compatible with non- 
natural nucleotides. Following PGR to generate the double-stranded form of the Ubrary, library 
members then are denatured and the non-coding strands removed by washing with streptavidin- 
linked magnetic beads to ensure that no biotinylated strands remain in the library. Libraries of 
up to 10'^ different members can be generated by this method, far exceeding the combmed 
diversity of previously reported combinatorial metal-binding catalyst discovery efforts. 
[05121 Each library then is incubated in aqueous solution with a metal of interest from 

tiie following non-limiting Ust of water compatible metal salts: ScCb, CrGb, MnGh. FeGb, 
FeGb, C0GI2. NiGla, GuGlj. ZnGlj. GaGb, YGI3. RuGb, RhGb, NazPdCL,, AgGl, GdGh, InCh, 
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SnCli,La(OTf)3. Ce(OTf)3, P<OTf)3, .Nd(OT03, Sm(OTf)3, Eu(OTf)3, Gd(OTp3, Tb{OTf)3,. 
Dy(9Tf)3, Ho(OT03, Er(Otf)3, Tm(bTf)3. Yb(OTp3, Lu(OTf)3, IrCb, PtCh, Aud, HgCh, , 
HgCVPbCb, and BiCla (Kobayashi et aL (1998) J. Am. CiriEM. Soc. 120: 8287-8288; FringuelU 
et aL (2001) EUR. J. ORG. CHEM. 2001: 439-455). The metals are chosen in part based on the , 

5 specific chemical reactions to be catalyzed. For example, libraries aimed at reactions such as 
aldol condensations or hetero Diels-Alder reactions that are known to be catalyzed by Lewis 
* acids are incubated with ScCb or with one of the laiithanide triflates (Fringuelli et aL (2001) 
^supra). In other cases, metals not previously knowi). to. catalyze the transformatiotis of interest 
are also used to evolve polymers with unprecedented activity. The metal-incubated library is 

10 purified away fi*om unbound metal salts using gel filtration cartridges (available from, for 

example, Princeton Separations) that separate DNA oligonucleotides 25 bases of longer from 
imbound smaller reaction components. 

[0513] The ability of the polymet library (or of individual library members) to bind 

metals of interest is verified by treating the metalated library free of unbound metals with metal 

1 5 staining reagents, such as dithiooxamide, dunethylglyoxime, or potassium isothiocyanate 
(KSCN) (Francis et aL (1998) CXmR. Opin. Chem. Biol. 2: 422-8) or EDTA (Zaitoun et aL 
(1997) J. Phys. Chem. B 101: 1857-1860), that become distinctly colored in the presence of 
different metals. The approximate level of metal binding is measured by spectrophotometric 
comparison with solutions of free metals of known concentration and with solutions of positive 

20 control oligonucleotides containing an EDTA group (which can be introduced using a 
commercially available phosphoramidite from Glen Research, Staling, Virginia, USA). 

Selecting Nucleic A cid Polymers 

10514] Once the libraries of fimctionalized DNAs are synthesized and characterized, they 

are subjected to three types of in vitro selections for: (i) folding, (it) target binding, or (i7i) 
25 catalysis. 

[0515] (i) Folding. Non-denaturing gel electrophoresis can be used as a simple 

selection, to be applied to inventive libraries of modified nucleic acids, to select for nucleic acid 
folding in the presence of specific metals of interest. In order to test this selection approach on 
molecules similar to future library members, three 60-base DNA oligonucleotides known 
30 (Schultie et aL (1994) J. MOL. BlOL. 235: 1532-1547) or predicted (SantaLucia (1998) ProC. 
Natl. Acad. Sci. USA 95: 1460-1465) to have very different folded states were synthesized. 
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Each oligonucleotide contained a core 30-base sequence'.flanked by two IS-ibase primer binding 
sequences. - The unstructured control oligonuclqotide contained a poly T core and sai EcoR I 
restriction site. Tlie sfecond core ^equeAce contained a perfect inverted repe^it predicted to form a 
highly stable hairpin, while the third core sequenbe contained a poly G core known to fold in 
5 solution intb an intramolecular G-quartet <Cheng eial, (1997) Gese 197: 253-260). Thq three 
DNA sequences were combined in equimplar jTatios and the mixture subjected to jpreparatiye ' • 
non-denaturing gel electrophoresis. This lugh iiidbility poition of the DNA was captured and ' 

compared *by analytic electrophoresis to authentic pol'y.T, haixpin, and poly G oligonucleotides. . 

***•'»• < 

The results indicate that folded DNA sequences dan be readily separated from a mixture of . 
10 folded and unfolded DNA molecules by non-denaturing gel electrophoresis. This selection ' 
£4)proach can be applied to the metal-binding polymer libraries, wherein polymers with 
anticipated metal binding ability will be incubated with one or more water-compatible metal 
sources pri9r to. selection. Polymers capable oJf folding in the presence, but not in the absence, of 
metals will serve as especially attractive starting points for the next two types of selections. 

1 5 (051 61 (ii) Target Binding. Selections for target binding can be performed by incubating 

the solution-phase polymer library with either immobilized target or with biotinylated target 
followed by streptavidin-linked beads. Non-binders are removed by washing, and polymers, with 
desired binding properties are eluted by chemical ^enaturation or by adding excess authentic free 
ligand. In order to complete one cycle of fimctionalized DNA evolution, the DNA templates are 

20 amplified by PCR using one primer containing the 5'-functionalized hairpin primer and a 

biotinylated second primer, optionally diversified by error-prone PCR (Caldwell (1992) PCR 
Methods Applic. 2: 28-33) or by nonhomologous random recombination method, and then 
denatiured into single stranded DNA and washed with streptavidin beads to remove the non- 
coding template strand. The resulting pool of selected single-stranded, 5 -fimctionalized DNA 

25 complete the evolution cycle and enters subsequent rounds of DNA-templated translation, 
selection, diversification, and amplification. 

[0517] (Hi) Catalysis. Selection for synthetic polymers that catalyze bond-forming or 

bond-cleaving reactions can also be performed. Library members that catalyze virtually any 
reaction that causes bond formation between two substrate molecules or that results in bond 
30 breakage into two product molecules can be selected using the schemes proposed in Figures 12 
and 13. As illustrated in Figure 12, in order to select for bond forming catalysts (for example. 
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hetero Diels-Alder, Heck coupling, aldol reaction, or.olefin metathesis catalysts), library 
membere are covalently linked to one substrate throng their 5' amino or thiol termini. The 
other substrate of the reaction is sy^ithesized as a derivative linked to biotin. When dilute- 
solutions of library-substrate conjugate are reacted with the substrate-biotin conjugate, those 
5 library members that catalyze bond formation cause the biotin group to become covalently 
attached to themselves. Active bond forming catalysts can then be separated from inactive 
library members by capturing the former with immobilized streptavidin and washing a\yay 
inactive polymers. By way of example,* the synthesis and selection of active Heck coupling 
catalysts, active hetero diels-alder catalysts and active aldol addition catalysts may be performed 
10 as shown in Figures 78A, 78B, and 78C, respectively. . 

[0518] In an analogous maimer, library members that catalyze bond cleavage reactions 

such as retro-aldol reactions, amide hydrolysis, elimination reactions, or olefin dihydroxylation 
followed by periodate cleavage can also bie selected, as illustrated in Figure 13. In this case, 
metalated library members are covalently linked to biotinylated substrates such that the bond 

15 breakage reaction causes the disconnection of the biotin moiety from the library members. Upon 
incubation under reaction conditions, active catalysts, but not inactive library members, induce 
the loss of their biotin groups. Streptavidin-linked beads can then be used to capture inactive 
polymers, while active catalysts are able to elute from the beads. Related bond formation and 
bond cleavage selections have been used successfully in catalytic RNA and DNA evolution 

20 (Jaschke et al (2000) CURR. Opin. Chem. BiOL. 4: 257-62). Although these selections do not 
explicitly select for multiple turnover catalysis, RNAs and DNAs selected in this manner have in 
general proven to be multiple turnover catalysts when separated from their substrate moieties 
(Jaschke et al (2000) CuRR. Opin. Chem. Biol. 4: 257-62; Jaeger et al (1999) Proc. Natl. 
ACAD. Sci. USA 96: 14712-7; Bartel et al (1993) Science 261: 141 1-8; Sen et al (1998) CURR. 

25 Opin. Chem. Biol. 2: 680-7). 

{0519] It is contemplated that catalysts of three important and diverse bond-forming 

reactions (Heck coupling, hetero Diels-Alder cycloaddition, and aldol addition) can be created 
using the technologies described herein. All three reactions are water compatible (Kobayashi et 
al (1998) J. AM. Chem. Soc. 120: 8287-8288; Fringuelli et al (2001) EUR. J. ORG. CHEM. 2001: 

30 439-455; Li et al (1997) ORGANIC REACTIONS IN AQUEOUS MEDIA) and are known to be 
catalyzed by metals. 
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Evolving Functiainalized DNA Polymers • \ • ' ' 

[0520] Following each round of seIfeGtion,.activfe library members can be ampliiBed 

directly by PGR with the non-natural' hucleptides and subjected to additional rounds of selection 
to enrifch the library for desired catialysts. Libraries may be diversified by random mutagenesis 

5 usmg enofc-prone PGR or by nonhomologous recombination and characterized by DN^ 

sequencing before and after selection: Becaiise error:prpne PGR is inherentjy less efficient tfian 
normal PGR. error-prone PGR diversification li conducted with only natural nucleotides. The 
mutagenized DNA templates then ard translated into nbn-hatural nucleic acid polymers as . 
described aboye. / , , . . . 

10 [0521] In addition to simply evolving active catalysts, the in vitro selections described 

herein may be used to evolve catalysts wifli properties difficult to achieve using current catalyst 
discovery approaches. For example, substrate specificity among catal-ysts can be evolved by 
selecting for active catalysts in the presence of the desired substrate and th^n sel^ting for 
inactive catalysts in the presence of one or mdre undesired substrates. Using this strategy, it is 

1 5 contemplated that it will be possible to evolve libraries of catalysts with unprecedented regio- 
and stereoselectivity. By way of example, four types of substrate specificity currently 
unachievable by known catalysts nor likely to be solvable by current catalyst discovery methods 
include: (i) Heck catalysts that operate on para- but not meta- aryl chlorides, (ii) aldol catalysts 
that accept ketones but not aldehydes as enolate acceptors, (iii) hetero Diels-Alder catalysts that 

20 reject olefin dienophiles, and (iv) hetero Diels-Alder catalysts that accept trans-trans but reject 
cis'trans or terminal dienes. Metal-binding polymers containing well-ordered, three-dnnensional 
dispositions of key steric and electronic groups may be ideally suited to solving these problems. 
Similarly, metal selectivity can be evolved by selecting for active catalysts in the presence of 
desired metals and selecting against activity in the presence of undesired metals. Gatalysts with 

25 broad substrate tolerance may be evolved by varying substrate structures between successive 
rounds of selection. Gharacterizing catalysts evolved by the above methods may provide new 
insights into developing analogous small molecule catalysts with powerfiil and unprecedented 
selectivities. 

[0522] In addition, the observations of sequence-specific DNA-templated synthesis in 

30 DMF and CH2CI2 suggested that DNA-tetralkylammonium cation complexes may form base- 
paired structures in organic solvents. These findings raise the possibility of evolvmg non-natural 
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nucleic acid catalysts in organic solvents using slig}itly modified versions of the selections 
described above. The.actual bond formfaig tod bond cld^age selection reactions may be 
conducted in organic' solvents, the cnide reactions then will be ethanol precipitated to.remove the 
tetraalkylammonium cations, and the immobilized avidiri separation of biotinylated and non- 
5 biotinylat^ library members in aqueous- solution will be performed. PGR amplification of 
selected members will then take place' as described herejnabov^^ Successful .evolution of . 
reaction catalysts that fUnction in organic soWts would expand considerably both the scope of 
reactions that can be catalyzed and the utiUty of the re?^^^^^ , 
catalysts. .' i ' . ' 

10 Example 11: In MiTw Selection for Protein Binding a nd Affinity 

[05231 This Example demonstrates tfeat it is possible to perform in vitro selections for 

nucleic acid-linked synthetic small molecules, with protein binding affinity. These selections (i), 
offer much greater sensitivities (10'^^ mol) than previously reported synthetic motecule screens 
for protein binding, (ii) can be r^idly iterated to achieve >^10^-fold net enrichments of aptive 
1 5 molecules, and (iii) can be adapted to select for binding specificity. 

[05241 Because all molecules in a selection are processed simultaneously, selections 

offer much higher potential throughput than screens. Selections typicaUy do not require 
sophisticated equipment and can be iterated to multiply die net enrichment of desired molecules. 
Certain properties such as binding specificity, although difficult to screen, can be readily 
20 selected. Finally, the outcomes of laboratory and natural selections usually are linked to 

amplifiable nucleic acids, permitting the selections to offer far greater sensitivities than screens. 
The covalent linkage of oligonucleotides to corresponding synthetic molecules, either as a 
consequence of nucleic acid-templated organic synthesis or as a result of conjugating a nucleic 
acid to synthetic molecules, allows synthetic molecules to be selected and then identified. 
25 Despite these attractions, selections for synAetic molecules have been largely unexplored. 

[05251 At the outset, a variety of synthetic small molecules conjugated to 36- to 42-base 

DNA oHgonudeotides (see. Figure 79) were synthesized such that each small molecule was 
linked to a unique DNA sequence. The small molecules were chosen either for their known 
binding affinities to six proteins (see. Figure 79), or as nonbinding negative controls. Solutions 
30 containmg mixtures of DNA-linked protein ligands and DNA-linked negative controls were used 
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to simulate DNA-templated synthetic small molecule libraries containing small fractions of 
library mraibers with protein binding activities. 

105261 . Selections for protein affinity were performed by incubating mixtures of DNA- 

linked synthetic smaU molecules for 1-2 hours with target jproteins covalently conjugated to 
5 beads. The non-binders were removed by washing the beads with Wgh salt buffer. Tiie bound 

molecules were then PGR amplified to amplify the DNA oligonucleotides surviving selection. 

Sequences encoding known protein binding ligands were distinguished from DNA encoding . 
. npn-bindqrs by digestion with sequence-specific restriction endonucleases, permitting their 

relative ratio to be quantitated by gel electrophoresis and densitometry. The efficiency of each 
1 0 selection was assessed by the degree to which DNA-linked protein ligands were enriched relative 

to DNA-linked non-binders (the "enrichment factor**)- 

[0527] Among the protein-small molecule interactions considered, the binding of 

glutathione amide to glutathione S-transferase (GST) is among the lowest affinity {K^ = -10 ;M) 
and, therefore, represents a stringent test of protein binding selections for DNA-linked' synthetic 

1 5 small molecules. To measure the sensitivity and efficiency of these selections (see. Figure 80), 
the number of DNA-linked glutathione molecules (1) were varied Sx)m 1& to 10^ molecules. A 
100- to io^-fold molar excess of the negative control //-formyl-Met-Leu-Phe linked DNA (2) 
was combmed with (1) and the resulting mixture was selected for binding to GST-linked agarose 
beads. The selection strongly enriched as few as 10,000 copies of the DNA-linked glutathione 

20 by 100- to >10'*-fold relative to the negative control (Figure 80). Although the concentrations of 
DNA-linked molecules during selections were much lower than //M, flie selections were 
successful because GST was immobilized at an effective concentration exceeding -10 and, 
therefore, permitted a significant fraction of (1) to remain bound to GST. These results 
demonstrate that selections for modest protein affinities (for example, = -10 /M) are possible 

25 in this format. 

[05281 In order to evaluate the generality of this approach, analogous selections were 

perfonned for bindmg to streptavidin, carbonic anhydrase, papain, trypsin, and chymotrypsm in 
addition to GST (Figure 79). Collectively these six fimctionally diverse proteins bind the 
ligands shown in Figure 79 with predicted afiSnities ttiat span more than eight orders of 
30 magnitude (Ka — 14 /M to -40 fM) (D'Silva (1990) BlOCHEM. J. 271 : 161-165) (Jain et aL 
(1994) J. Med. Chem. 37: 2100-2105; Green (1990) METHODS Enz, 184: 51-67; Otto et al 
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(1997) Chem. ReV; 97: 133-172). In each of th^e yases, selection enriched < 10*^^ mol of a 
known small molecule.ligand conjugated'to DNA by at Ifeast 50-fold oyer a non-binding hegativfe 
control (Figure 79), indicating ihsA DNA conjugation does not impair the ability of the Ugands in 
Figure 79 to bind their cognate protein targets and su^esting that these selections may be 
5 applicable to a wide Variety. of unrelated protems. • . • 

[0529] • Furthenppre, -selections can.be iterated to- multiply the net enribhment of desired . 
molecules. To test this possibUity with DNA-iiiOced syn^^^^^ • 
DNA-linkdd phenyl sulfonamide (3):DNA-linke4 AT-fbyiny^Met-Leu-Phe U) was subjected to a 
selection for binding carbonic anhydi^se. The' molecules surviving the first selectioii were eluted 

1 0 and directly subjected to a second selection using fresh unmobilized carbonic anhydrase. PGR 
amplification and restriction digestion revealed that the first round of selection yielded a 1 :3 ratio 
of (3):(2), lepresentmg a 330-fold enrichment for. the ONA-linked phenyl sulfonamide. The 
second round of selection fiirther enriched 3 by more than 30-fold, such that 'the ratio of (3):(2) 
following two rounds of selection exceeded 10:1 (>10'*-fold net enrichment). Similarly, three 

15 rounds of iterated selection were used to enrich a 1:10^ starting ratio of (3):DNA-linked biotin 
(4) by a factor of 5 x 10^ into a solution containing predominantly DNA-hnked phenyl 
sulfonamide (3) (see. Figure 81), These findings demonstate that enormous net enrichments for 
DNA-linked synthetic molecules can be achieved .through iterated selection, and suggest that 
desired molecules represented as rarely as 1 part in 10^ (approximately the largest number of 

20 different small molecules generated in a single library to date) within DNA-templated synthetic 
libraries may be efficiently isolated in this manner. 

[0530] In addition to binding affinity, binding specificity is a broadly important property 

of synthetic molecules. Library screening methods for binding specificity typically require 
duplicating the entire screen for each target or non-target of interest. In contrast, selections for 

25 specificity in principle can be performed in a single experiment by selecting for target binding as 
well as for the inabiUty to bind one or more non-targets. In order to validate selections for 
specificity among DNA-linked synthetic small molecules, DNA-Unked biotin (4), DNA-linked 
chymostatin (5), and DNA-linked antipain (6) were combined into a single solution in a 24:4:1 
ratio, respectively. Because biotin has no significant affinity for chymotrypsm or papain, 

30 chymostatin binds to both proteases, and antipain binds only to papain, (see, Figure 82) this 
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nrixture simulates a Ubrary containing predominantly nonbinding molecules withaminor 
fraction ofnonspedfic binders and an even smaller fi^^^^^ •. 

105311 • When this mixture was subjected to two rounds of selection for binding to papain. 
both5and6wereenrichedattheexpenseof4.asexpect^ (Figures!). Howev«. when the ' 
above mixture was washed with chymotrypsin-Unked beads and selected for binding to papain m 
the presence of excess free chymotrypsin. orfy the papainlspedfic Ugand.(6) was emriched 
(Fignre 82). The abiUty of the selections described Jiibpve to separate target-spefcific and non- 
■ specific DNA-lmked synthetic molecules from a single solution.suggests their use to discover 
synthetic molecules that exclusively bind a single member of a large family of related proteins 
ie.g. , kinases, proteases, or glycotransferases). and tiiat do not bind proteins that cobmonly 
reduce the biological efficacy of small molecules (e.g. by sequestering, exporting, or 
metabolizing them). ^ 

10532] In summary, this Example demonstrates the feasibihty of performing in vitro 

selections for DNA-linked synthetic small molecules with protein binding activities. The 
appUcation of methods developed here to nucleic acid-templated (or nucleic acid-conjugated) 
libraries may play an important role in the discovery of synthetic molecules with desired 
properties using power&l selection and amplification strategies previously available only to 
biological molecules. 

Materials and Methods 

DNA Synthesis 

(05331 DMA oligonucleotides were synthesized on a PerSeptive Biosystems Expedite 

8090 DNA synthesizer usmg standard phosphoramidite protocols. All reagents were purchased 
from Glen Research. SterUng. Virginia, USA. THe templates for the glutathione S-transferase 
(GST) selection were synthesized using a 5'-amino-modifier C12 and all other templates were 
synthesized using S'-amino-modifier C5. 

Preparation of Compound (1) 
105341 Glutathione was synthesized on the solid phase using standard Boc chemistry at 

room temperatm-e. 200 mg PAM Resin (Advanced ChemTech) was swelled in 2 mL DMF for 
20minutes. A^-Boc-glycine (Sigma. 640 pmol. 112 mg). diisopropylcarbodiimide (570 Mmol. 89 
jxL). and 4-dimethylaminopyridine (DMAP. 57 pmol. 7 mg) were added to the resin and stiired 
for 4 hours. The resin was washed with DMF and then with DMF/CH2CI2 (1:1). TheiV-Boc 



wo 2004/016767 



PCT/US2003/02S984 



' -175* 

protectiiig gtoup.Was removed using two 3 minute fashes of trifluoroacetic acid CrFA):iw-cresol 
(95:5). The resin then;w^ washed with'DNlFiaHzeU (1:1) and DMF;pyridine (1:1). .A sdlutioh 
of Ar-Boc-Cys(Fm>:6H<CheiiiImpex,' 800 nmol, 320 tog), CMV-Azabenzbteiazol-l-yl)- 
MiV.iSr'.Ar'-tetramethyMonium hexafluorophosphate (Aldrich, 720 pmoi, 274 mg), 2,6-lutidine 
(1.2 mmoi; 131 nl) and>/.JSr-diisopropxfethylaimn^ (pi?EA, 750 ^Imol, 131 jii) in 800 |»L of 1- 
methyl-2pynoliiimone, was stirred for 15 rpiniltes and" then added to the resim stirring for 30 ' , 
minutes. Thp lesin then was washed with bRfe/OTzClra" :1).. To remove the N-Boc protecting . 
group on'cysteine, a solution of trimeAylsilyl triflat^ (IJdS-Otf) (2.8 mmbl, 0.5 mil) and 2.6,- ; 
lutidine<4.58 mmol. 0.5 mL) in 1.75.mL CHzdz.was added to the resin and stirred for 1 hour. 
The resin then was washed with methanol and Aai wife DMFiCHzCU (1:1). Fmoc-Glu-OFm 
(C3iemlmpbx, 800 junol," ^38 mg) was couplfed" as described above. The fuUy protected 
giutathione.was cleaved ftom the resin with a solution of trifluoromethanesulfonic acid:m- ^ 
cresol:thioanis61e:TFA (2:1:1:8), stirring for 1 hours. The mixture w 
was extracted into hexane. The crude extract was purified using preparative thin layer 
chromatography in hexane. The silica containing the cmde product (Rf = 0.35) was washed 
extensively with hexane:ethyl acetate (4:1). The filtrate was isolated under vacuum to afford a 
yellowish solid. Yields for this synthesis were not optimized. 

I0S351 A solution of protected glutathione (1.1 pmol, 4mg) in 90 ^1 DMF with iV- 

hydioxysuccinimide (NHS. 11 pmol, 1.3 mg), dicyclohexylcarbodiimide PCC, 11 jmiol, 2.3 
mg). and DMAP (5.7 jmiol, 0.7 mg) was agitated for 1 hour. The mixture was spun down and 
the supernatant was added to 5'-amino-terminated protected DNA on CPG beads. This mixture 

was agitated for 2 hours and then the beads were washed with DMF, with CH3CN, and dried 
with nitrogen. 

Preparation of Compound (2a) 
[05361 iV-formyl-Met-Leu-Phe (MLF) was purchased from Sigma and coupled to 5'- 

amino-tenninated protected DNA on CPG beads using the conditions described for compound 

(1). 

Preparation of Compound (2b) 
[05371 MLF (10-100 ^unol, 0.17 M) was dissolved m dry DMF with 1 equiv. 1- 

hydroxybenzotriazole (Novabiochem), 0.9 equiv. 0-Betaottiazol-l-yl-N.N.N'.N'- 
tetramethyluronium hexafluorophosphate (Aldrich). and 2.3 equivalents of DIPEA. The solution 
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was>agitated at room temperature for 1 hour and then added to a unique sequence of 5 '-amino- 

• .'i ' I* 

terminated protected DNA on CPG beads*. The mixture was agitated for 1 hour at room 

temperature. . The beads then were washed with DMF,.then with CH3CN, and dried undet 

nitrogen. ■ » ' 

5 Preparation of Compound (3) 

[0538] Fmoc-Lys(Mmt)-OH (Novabiochem) was attached, to amino-terminated protected 

DNA on CPG beads using the method described for compound (2b). The Fmoc group was . 
» removed >yith three 2 minute washes with 20% pipefidine in DMF. The mixture then was 
washed with DMF and then with CH3CN. The a-amine then was capped with a solution of 5% 

1 0 1 -methylimidazole in acetic anhydride/pyridine/tetrahydrofuran (1 : 1 . 1 : 1 8) for 1 0 minutes at 
room temperature. The beads then were washed with DMF and CH3CN, and then treated with 
3% trichloioacetic acid, 1% thiotoisole in CH2CI2 for 5 minutes at room temperature to remove 
the Mmt protecting group. The mixture was washed with CH3CN and dried with nitrogen. 
Fmoc-Phg-OH (Novabiochem) was attached to the e-amine of the Lys-linked DNA using the 

15 method described for compound (2b). After removal of the Fmoc protecting group, 4- 

carboxybenzenesulfonamide (Aldrich) was attached to the beads using the method described for 
compound (2b). The beads were washed with DMF, then with CH3CN, and dried with nitrogen. 

Preparation of Compounds (4a, 4b) 
[05391 A 5'-biotin modified phosphoramidite (Glen Research, Sterling, Virginia, USA) 

20 was used as the final monomer in the DNA synthesis. 

Preparation of Compound (5) 
[0540] Chymostatin (Sigma) was attached to amino-terminated protected DNA on CPG 

beads using the conditions described for compoimd (2b). 

Preparation of Compound (6) 

25 [0541] Antipain (Sigma, 1 .5 pmol, 0.9 mg) was added to a 30 solution of 300 mM 

DCC and 300 mM NHS in DMF. After agitating for 1 hour at room temperature, this solution 
was added to 45 yL of 5 *-amino terminated DNA (-200-300 pM) in 0.1 M MES buffer pH 6.0. 
This DNA had previously been cleaved from the CPG beads and purified by HPLC as described 
in the next section. After 2 hours, this solution was purified by gel filtration using Sephadex G- 

30 25 followed by reverse-phase HPLC. 
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[0542] The complete structures of synthetic groups lr6 linked to DNA are shown in 

Figure 83. ' 

CharacterizfitioH of DNA4inkedSyntheHc Molecules 
[0543] Small molecule-DNA conjugates were cleaved from the CPG beads with a 

5 solution of methylamine:ammomum hydroxide (1:1) at 55 °C for 1 hour. The solutipn was dried 
uiider vacuum and then purified by reverse phase HPXC using TEAA/CH3CN gradient and 
analyzed by MALDI-TOF mass spectrometry. Stock solution concentrations were determined 
using Uy-Vis spectroscopy and serial dilutions werb prepared for the selection experiments. 
Samples were stored in water at -20 **C. 

■* I 
1 0 Preparation of Immobilized Target Proteins 

[0544] NHS-activated Sepharose 4 Fast Flow (Amersham Pharmacia) was prepared in 

accordance with the manufacturer's instructions. Equine GST, bovine carbonic anhydrase (CA), 

papam, Na-p-tosyl-I^lysine chloromethyl ketone (f LCK)-treated bovine chymotrypsin, and N- 

p-tosyl-L-phenylalanine chloromethyl ketone (TPCk)-treated bovine trypsin were purchased 

15 from Sigma. Typically, proteins were dissolved in phosphate buffered saline (PBS) buffer pH 
7.4-7.6 at concentrations of 20-100 jiM. Protein concentrations were determined using UV-Vis 
spectrometry. Proteins were incubated with beads for 16 hours at 4 ''C. The beads were capped 
for two hours with Tris buffer, then washed extensively with the appropriate selection buffpr 
containing 1 M NaCl and then exchanged into the appropriate selection buffer (see. Table 14). 

20 Beads were stored for up to 1 month at 4 °C in a volume of selection buffer equal to the initial 
volume of beads used. Before use, papain beads were activated using a solution of 5.5 mM 
cysteine HCl, 1.1 mM EDTA, and 0.067 mM p-mercaptoethanol for 30 minutes at 4 ''C. 
Streptavidin magnetic particles (Roche) were washed 3x with selection buffer before use. 

TABLE 14: Selection and Wash Buffers 



:,PrQteiri . .:/ ./ 


ComiX)siti6n of, Selection Btyffeir .: . 


' Composition of Wash BirfferS/! ' - * ; 


GST 


PBS pH 7.4 




Carbonic 
Anhydrase 


lOmM Tris pH 7.4, 0.1 M NaQ 


10 mM Tris pH 7.4, 0.25-0.5 M NaCl 


Papain 


50 mM Tris pH 7.4. 0.1 M NaCI, 1 
mMEDTA 


50 mM Tris pH 7.4, 0.5 M NaCl, 1 mM 
EDTA 
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Trypsin 


50 mM Tris pH 8:0, 0.1 M NaCl; lO; 
mMCaCla .*•■;'.•'*. 


50 mM Tris pH 8.0, 0.5 M NaCl, 10 mM 
CaCU 


Chymotiypsin 


50 MM Tris pH «.0, 0.1 M NaCl, 10 
xrM CaCl2 


50 mM Tris pH 8.0, 0.5 M NaCl; 10 mM 
CaCla 


Streptavidin 


10 mMTris pH 7.4, 0.1 M NaCl, 1 ; 

mM EDTA . 

' ' ^ 


10 mM Tris pH 7.4, 1.0 M NaCl, 1 'mM 
EDTA ' . . 



GST Selection . ■ • ■ , . . , 

[0545] 'The amount of compound (1), the binding ligand, was varied between lO' and lo' 

molecules and compound, (2a), the non-binding ligand, was used in lO^-lO*' molar excess. (1) 
and (2a) were added to 40 jiL of GST beads aiid agitated at 4 °C for 1 hour. The mixture was 
transferred to a. 5.0 |uri low-binding Durapore'mfembrane spin filter (Millipojre), wasW with 2x. 
150 ^LPBS pH 7.4, Ix 100 0.1 M Tris pH.8.0, 0.SMNaCl, and 1x150 mLPBS! The bound 
ligands were eluted by agitating the beads with 100 ^lL 0.1 M glutathione (isigma) at room 
temperature. The eluant was ethanol precipitated with 3 M sodium acetate and 1 glycogen. 
The precipitate was used directly for PCR. 

Carbonic Anhydrase Selection • 
105461 Compound (2b), the non-binding Ugand, and compound (3), the bmding ligand, 

were added to 40 ^iL of resuspended beads and were diluted to 400 jiL with selection buffer. 
Ratios were similar to those for the GST selection. The mixture was agitated at 4 "C for 1-2 
hours. Selections then were carried out at room temperature. Each mixture was transferred to a 
spin filter and washed 3x with 400 ixL of wash buffer and Ix 400 ^iL with selection buffer. The 
resin was removed from the spin filter with 60 nL of selection buffer and the resulting beads 
were subjected to PGR. 

Papain Selection 

[0547] Compound (4a), the non-binding ligand, and compounds (5) or (6), the binding 

ligands, were incubated with papain beads and selected as described for the carbonic anhydrase 
selection. 
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• . ' . ' Chymotrypsin Selection . • • ' • 

(05481 Compoimd (4a), the non-ttndingKgand, and compound (S),t^^ 

were iicubated with chymotrypsin beads'and selected as described for the carbonic aiihydrase 
selection. • . ' ' ' 

Trypsin Selection 

105491 Compound (4a), the non-bui(iing ligahd, and compound (6), the binding ligand, 

were incubated with trypsin beads and selected as described for caibonic anhydrate^ 

I . ■ '. \ • . 

'• Streptavidin Selection 
[0550] Compound (3), the non-binding ligand, and compound (4b), the bincHng ligand, 

were incubated with 15 nL streptavidin magnetic particles and agitated at room temperature for 

20 minutes. Using a MPC-S magnet Pynal), the beads were washed 2x with 0.1 M NaOH. 1 

mM EDTA (100-200 jiL), 4x with wash |>uffer (100-200 pL), and Ix with selection buffer. The 

beads then were resuspended in 1 5 pL double distilled H2O. 

Iterated Carbonic Anhydrase Selection 
[05511 10* molecules of compound (3) and lO" molecules of compound (2b) were 

incubated with 40 jiL carbonic anhydrase beads for 1 hours and then selected as described. After 
the first round of selection, 5 jiL of resuspended agarose beads were removed for PGR. 6 M 

« 

guanidinium HQ. 10 mM EDTA (40 ^L) was added to the beads and the mixture was heated to 
90 °C for 1 5 minutes. The beads were filtered away using a Wizard Minicolumn (Promega). 
The filtrate was buffer exchanged into selection buffer using a Centrisep Spin Column (Princeton 
Separations). A new aUquot of carbonic anhydrase beads was added to the eluted templates. 
After a second round of selection, die agarose beads were suspended in 30 \iL of H2O and 15 pL 
were used for PGR. The PCR products were digested with Hind VH, generating the results in 
Figure 84. 

[0552] The triple iteration selection was carried out essentially as described above with a 

few minor changes. The prepared carbonic anhydrase beads were incubated with ZnS04 d mM) 
for 1 hour and then washed extensively with selection buffer containing 2 M NaCl. The beads 
were exchanged back into selection buffer and used directly for the iterated selection. lO' 
molecules of compound (3) and lO'^ molecules of compound (4b) were added to the beads and 
selected as described above. After the first round of selection, 3 pL aliquot was removed for 
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PCR. A second rotmd of selection was carried dut ^ described above and 8 pL aliquot of beads 
was removed for PCR. After a third loutid pf selection, the resulting beads wsirei rkmoyed from ' 
the spin filter using 30 ^iL of double distilled H2O wd 15 \iL of resuspend^ beads were used for 
PCR. ■ ' ■ . • 

5 Papain Affinity And Papain Specificity S^ctWHS 

[0553] ■ Affinity sOeaiou: 6xlCf moleciiles of coiiipound (6), 2.3xl0"* molecule^ • 
compound (5), and .1.4x10" molecules of compound (4ai) were added to 40(0. papain bea^ for- 
1 hour. The beads were washed with papain ^irashbuflf^ (3 x 100 pL) and once wift 100 jiL' 
papain selection buffer. The beads were removed from the spin filter with 30 jiL of double. • 

1 0 distilled H2O. A 3 jiL aliquot of resuspended lieads were removed for PCR. The DNA 

conjugates were eluted from the beads by adding 70 (xL 6 M guanidinium HCl and heating the 
mixture to PO^C for 15 minutes. The. eluted material was buflfe- exchanged as described in the • , 
iterated caiboiiid anhydrase selection. After a second round of selection, the agarose beads were 
removed from the spin filter using 30 mL H2O and 15 pL oif resuspended beads were used ifor 

15 PCR. 

[0554] Specificity selection: The same amounts of antipam, chymostatin, and biotin 

were added to 40 tiL chymotrypsin agarose beads in chymotrypsin selection buffer and 
incubated for 1 hour. The beads were spun down and the flow through was added to 40 nL fresh 
chymotrypsin beads and incubated for 1 hour. The beads were spun down and 15 nL of 100 
20 chymotrypsin in papain selection buffer was added to the flow through and then mcubated for 1 
hour. This solution was added to 40 jiL of papain beads and selected as described above. The 
small molecule-DNA conjugates were eluted and buffer exchanged as described, incubated with 
15 jiL 100 nM chymotrypsin for 1 hour and then subjected to a second round of selection. The 
beads were removed from the spin filter with 30 of H2O and 15 nL were used for PCR. 

25 Contamination Controls 

10555] Due to the high sensitivity of these experiments, two important contamination 

controls were used throughout these studies. First, each selection was carried out as described 
above except no ligand-DNA conjugates were added to the protein-linked beads, which 
pennitting testing for buffer contamination and any cross-contamination among samples. 
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Secohdly, a PCR reaction in which no material from the selection was added was used to test for. 

contamination in primCTS, dNTPs, and PCR buffers. . 

■•,!■• • I- ; ■ ■ . . .• 

PCR Conditions and Gel ElecirophoriesisAHafysis 

[05561 Templates surviving the selection were amrplifickl using PCR. All reactions 

5 contained 1 ^iM of each primer and 250 yM of each dNTP (Promega). For the GST flection, 

the precipitated DNA was used in the PCR reaction ;and amplified with Platinum Taq 

(Invitrogen). PCR conditions w«e step 1:54''C, 2';;step 2: 94"C, 30 s; step 3: 55*;C. 1'; step 
. '4:72"'C. 30 s; step 5: go to step 2; x29; step 6: 72°C,'.5'j step 7: hold at 4*C. For all other 

selections, the agarose beads (3-15 \xL) Wfere used directly in the PCR reaction with Taq 
10 polymerase (Promega). PCR conditions were step 1:,94°C, 2' step 2: 94"^ 30 s; step 3: 55°C, 

1 step 4: 72°C, 30 s; step 5: go to step 2, x24; step 6: 4°C. 

[0557] The PCR products then ere digested for 1 -2 hours with the restriction enzymes 

(New England Biolabs, 5-10 units) that digest the Ugand-encoding DNA. Digestion products 
were analyzed by electrophoresis on 3% agarose gels and quantitiated by ethidium bromide 
15 staining and densitometry on a Strategene Eagle Eye II system. 

Enrichment Calculations 
[05581 Enrichment ratios are calculated as the ratio of the fraction of binding ligand 

surviving Oie selection as detemiined by restriction digestion to the fraction of binding U^d 
entering the selection as determined by the known concentrations of tiie stock solutions. 

20 DNA Sequences of Templates and Primers 

[0559] Restriction endonuclease cleavage sites are vmderlined. 

DNA Sequences for Glutathiones Transferase Selections: 
[05601 GSH-template (1): 5'-GCC TCT GCG ACC GTT CGG AAGCTT CGC GAG 

25 TTG CCC AGC GCG (flind IS) [SEQ ID NO: 1 1 2] 

[05611 MLF-template (2a): 5'-GCC TCT GCG ACC GTT CGG GAATTC CGC GAG 

TTG CCC AGC GCG (Eco RI) [SEQ ID NO: 11 3] 

[05621 Primer 1 : 5'-GCC TCT GCG ACC GTT CGG [SEQ ID NO: 1 14] 

[05631 Primer 2: 5*-CGC GCT GGG CAA CTC GCG [SEQ ID NO: 1 15] 



wo 2004/016767 



PCT/US2003/02S984 



' -182-' 

• • ' ' 1 .■>■ ' 

. ' . . 1 ' . . • ' ,. , 

DNA Sequences for CarlMnic Anhydnaje Seleia^ 
[05641 Phenyl sulfonamide-teriiplate:(3):5'-CGA TGC TAG CQA AtKJAA^ 

CCA CTG CAC GTC.TGC (HiWIH) [SEQ ID ISIO: 116] 

5 (05651 ' MIJ-template(2b):5'-Ct}ATXk:tAG,C^^ 

GTCTGC (£co'rI)[SPQIDNO:.117] . , ' ' " ' ' ' • . ' . 

[0566] . \ Biotin-template(4b): 5:-(;GAX<H:TAG CGAAGGGA4TICGCACT^^ 
GTCTGC(£:co.RI)[SEQIDNO:118] . , 

[05671 "Primer 1: 5'CGA TGC TAG CGA AGG [SiSQ ID NO: 1 19] 

10 [05681 Primer2:"5*-GCAGACGTGCAGTGGtSEQIDNO:120] 

■ .. ' • • ' 

DNA Sequences for Protease Selectiotts: , ' 

[0569] Chymostatm-template(5): S'-GCAGTCGACTCGACCSGATCCGGCTAC 

GAC GTG CAC (fiaM HI) [SEQ ID NO: 121] 
15 [0570] Antipain-template(6): 5'-GCAGTCGACTCG ACCCAGCTQGGCTAC 

GAC GTG CAC (Pvu II) [SEQ ID NO: 122] 

[05711 Biotin-template (4a): 5'-GCA GTC GAC TCG ACC AAGCTT GGC TAC GAC 

GTG CAC iHind III) [SEQ ID NO: 123] 

[05721 Primer 1: 5'-GCA GTC GAC TCG ACC [SEQ ED NO: 124] 

20 [05731 Primer 2: 5'-GTG CAC GTC GTA GCC. [SEQ ID NO: 125] 

Kxample 12: Ideptification of New C hemical Reactions 

[0574] This Exanq>le demonstrates liiat it is possible to identify the existence of new 

chemical reactions via nucleic acid-templated synthesis. New chemical reactions have been 
25 identified as a result of experiments to select for, and characterize, bond forming reactions. 
[05751 A one-pot selection scheme to identify new bond forming reactions is 

summarized in Figure 85. Briefly, when n pool A reactants and combined with m pool B 
biotinylated reactants, nxm possible reaction combinations are available. When ttie templated 
reaction is performed under a particular set of reaction conditions certain combinations of the 
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template reactant A27) reacts with certain coifjbinations of the transfer unit (e.g., the 
reactant biotinylated Bll). The reactioA pr6dacts are calrtured by avidin linked beads. • 
Unreacted templates 'are not captured by the^ividin and can be removed by washing. .The avidin 
captur^ reaction product can then be amplified,' for exanfiple, by PCR, and the template 
sequenced'to deteimine its.codon sequence. As shown, the amplified template include^ a 
sequence tag (coding region) for reacttotA2? and a OTdon sequence " ' 

reactant Bll. i • ' •• 

[05761 Figure 86 provides a schematic oyervi?^ of a scheme for producing a libfaty.of 

compounds, members of which were, created by new identified chemical reactions. In order tp 
select for bond-forming rations, four pool A reactants presenting either a phenyl group (AlBl 
and A1B2) or a primary inine (A2B1 and A»i) ;and two biotinylated pool B reactants 
presenting either a carboxylic acid (Bl) or:a methyi ester (B2) were prepared. The 1;wo coding 
and two annealing.regions contained different restriction digestion sites tb p'ermit the relative 
quantitiationof each of the four pool A members .from within a mixture. All six reactants. (250 
mol of each pool A reai:tant and 500 find of each of Bl and B2) were combined in a single pot 
either in the presence or absence of DMT-MM, which is known to mediate amide formation 
between amines and carboxylic acids (Gartner et al. (2002) Agnew. Chem. Int. Ed. 41 : 1796- 
1800; Kunishima et al. (2002) TETTlAHEDRON 57; 1551-1558). The crude reactions were passed 
over streptavidin-linked magnetic beads to select for templates encoding bond-forming reactions 
and washed with denaturant to remove pool A members that did not undergo bond formation 
with a pool B member. The selected molecules were eluted witii firee biotin and fijrmamide. A 
fraction of the eluant corresponding to 5 finol of initial total reactants was amplified by PCR and 
subjected to DNA sequencing and restriction digestion to determine the ratio of flie four possible 
reaction-encoding sequences {Le., reaction of the phenyl group with the carboxylic acid, reaction 
of the phenyl gtbup with the ester, reaction of the amhie group with the caiboxyUc acid, and 
reaction of the amine group with the ester) (Figure 86). 

10577] Combming the reactants in the absence of DMT-MM resulted in very Kttle PCR 

product formation following selection. In contrast, strong PCR product was observed when the 
reactants were combined in the presence of DMT-MM (Figure 86), consistent with the 
effectiveness of capturing reacted pool A members and the thoroughness of flie washing steps. 
This result suggests that the yield of PCR product following selection for bond-forming reactions 
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canserveasasimplescreenforthepresenceofWdfonnation^lhinapoolofre^^^ To 
ddermine the identity of the bond-for^irigieactants, the PGR. products were digested' with Mse 
I,.which cleayes the coding region for A2 tnit not Al. and'rip45 1, which cleaves the annealing 
region for B2 but not Bl. An analysis of the digestion fragments revealed that reaction in the ■ 
absence of PMT-MM followed by selection resulted in a mixture of all four possible reaction- 
encoding pool A members (Figure 86). in contrast, reaction in the presence of DMT-MM 
• followed by selection generated the A2B1 sequence and no significant amount of the other three 
sequences (Figure 86), indicating strong enrichment. for the DNA encoding bond formation 
b^een the amine and the carboxylic acid. DNA sequencing of 'the selected PGR products was 
consistent with the restriction digestion aiialysis. These results validate the basic principle of the 
proposed method and system for discovering new reactions. 

10578] In order to test the ability of the proposed reaction discovery system to select a 

single reactive combination out of an ev^ larger excess of unreactive combinations, the system 
was programmed with three reaction possibilities (amine + carboxylic acid, amide + ester, and 
amine + ester) and combined the corresponding DNA-linked reactants in proportions that favor 
the unreactive combinations (amide + ester and amine + ester) by 100-fold. In the presence of 
amide coupling reagent DMT-MM, in vitro selection of the resulting mixture for bond-fomiing 
reactions resulted in a >l,000-fold enrichment of the template encoding bond formation between 
tiie amine and carboxylic acid. No enrichment was observed when DMT-MM was omitted. 
This result fiirther supports the possibility of selecting and decoding a single reactive bond- 
fonning combination from tiie planned 30 by 30 matrix of 900 reaction possibiUties. 

Validation of New Reaction Discovery (Example A) 
10579] This Example shows that it is indeed possible to discover new chemical reactions 

using DNA-templated synthesis. A 25-reaction matrix containing the DNA-linked functional 
groups shown in Figure 87 was generated essentially as described in Figure 9 using tiie omega 
architecture, tiie one-pot assembly metiiod for pool A reactants, and an optimized codon set. 
Among flie 25 possible reactions in this set is the Huisgen 1,3-dipolar cycloaddition (Huisgen et 
al. (1989) Pure Appl. Chem. 61: 613) between an azide and an alkyne. Sharpless and co- 
workers recently reported (Rostoutseu et al. (2002) Angew Chem. Int. Ed. Engl. 41: 2596) that 
catalytic CUSO4 and sodium ascorbate dramatically improve the regioselectivity and efSciency 
of this process, permitting a robust reaction at room temperatiire. A reaction discovery selection 
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was performed on a 1 pmol scale using this 25-Tea<ition.matrix either in the presence or the 
absence of CuSOa and sodium ascotbatfe. ; . • 

[05801 In the presence of copper aiwl ascorbate, selection for bond-fonmng rations 

followed by PGR amplification and sequence aiialysis by restriction digestion highly enriched 
the pool A template ^coding the alkyhe- and ^de-,encpding reactants (see, Lane 2 in Figure 
87B). In contrast, omjttingcoppCT and aspoibate resulted in no en^ 

azide-encoding template (see. Lane 3 in FigureSVB) ' ^le reaction discovery selection syst^ . 
therefore successfully "rediscovered" the Cu(I)-meciiat£;d coupKng of an alkyhe and azide. . 

^Validation of New Reaction Disicovery (Example B) 
[0581] This Example shows that the reaction-identified in Example A can also be 

identified in a 96^reaction matrix. Briefly, a 9f reaction matrix containing the D^A-linked 
functional groups shown in Figure 88 was generated. .Pool A contained 12 reactants (A1-A12) , 
and pool B contained S.biotinylated reactants (B1-B8). When combined; 96 different reactions 
were possiblie. 

[0582] The reactants (10 finol each) were combined in the presence of 500 mM Cu (I) at 

pH 6.0. Following reaction selection and amplification, one oligonucleotide sequence was 
emiched. In particular, there was a 27-fold enrichment for the template encoding the reaction 
between reactant A2 and reactant B5. The reaction product, like Example A. appears to have 
resulted from a Huisgen cycloaddition reaction. In contrast, when no Cu (I) was present, there 
was very little PGR product with no enrichment for any combination of the reactants. 

Validation of New Reaction Discovery {Example Q 
[05831 This Example shows another example that it is possible to discover new chemical 

reactions using nucleic acid-templated synthesis. In particular, this Example demonstrates the 
discovery of a novel Pd-mediated coupling reaction. 

[05841 A library of reactants were created and combined to test for the abiUty of nucleic 

acid-templated Pd-mediated coupling reactions. Two pools of reactants (see. Figure 89) were 
synthesized to give 12 pool A reactants (A1-A12) and 8 biotinylated pool B reactants (B1-B8). 
When combined, 96 different reactions were possible. The reactants (10 finol each) were 
combined in the presence of 1 mM Pd(II) at pH 7.0. Following reaction selection and 
amplification, five oHgonucleotide sequences were enriched between 10-fold and 22-fold. 
Analysis of the five oUgonucleotide sequences revealed that reactions occurred between (i) 
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reactant A2 and reactant Bl (ii) reactant A2 and reactant B4, <iii) reactant A2 and reactant B8 
(iv) reactant A9 and reactant Bl, and (v) reactant AIQ and reactant B4. 

[0585] I As an alternative to sequencing the enriched oligonucleotides, the identity of the 
oligonucleotide sequences attached to the reaction products' were determined by microarray 
5 analysis (see. Figure 90). A library of anti-sense oligonucleotides complementary to each of the 
templates to be included in the reaction matrix are syhthesized. Then, individual antisense 
oligonucleotides (r - 9* in Figure 90) complementary to each template are immbbilized at . 
I - s^drate addressable locations of a microaxray. Thd;sequence of each anti-sense oligonucleotide 
iromobilized in the microarray is known. After nucleic acid-templated synthesis, the 

10 oligonucleotides attached to the resulting reaction products (for example, PI attached to template 
1 and product P8 attached to template 8 in Figure 90) are amplified under conditions to permit 
incorporation of a detectable moiety, for example, a fluoiphore, into the amplified template. The 
amplified oligonucleotides then are denatured and combined with the microarray under 
conditions to permit the template oligonucleotide (for example, oligonucleotide 1 and 

15 oligonucleotide 8 in Figure 90) to hybridize to its immobilized, complementary oligonucleotide. 
After washing to remove unbound material, the microarray may then be scanned to detect a 
specific binding event via detection of the detectable moiety at a particular location. Based on 
the location of the detectable moiety and the known sequence of the complementary 
oligonucleotide immobilized at that location, it is possible to determine the sequence of the 

20 bound template and thus the reactants that produced the reaction product. 

[0586] This type of microarray analysis approach was used following reactions similar to 

those described in Example B (96-reaction matrix with Cu (I)) and in Example C hereinabove 
(96-reaction matrix with Pd (U)). The microarray analysis was found to agree with the DNA 
sequencing results. Furthermore, the microarray analysis was found to be more direct, more 
25 sensitive, and significantly faster (at least 5-fold faster) than standard sequencing methodologies. 

[0587] By way of example, various products of the Pd (II) mediated reactions were 

detected via the microarray system, the results of which are summarized in Figure 91 . Figure 
91 summarizes which reactant in pool A reacted with which biotinylated reactants in pool B to 

create a product. Figure 91 also summarizes the level of signal over backgroimd and DNA- 
30 templated reaction yield for each product. Of particular interest is the discovery using both 

sequence analysis approaches of a bond-fomiing reaction between DNA-linked terminal alkyne 
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A2 and iDNA-linked acrylamide B8 in the presence of 1 mM Pd(U) at pH 7 (see. Figures 89 and . 
91). This reaction is compjarable in' effidency a DNA-t6mplated Heck coupling leactions of aryl 
iodides and olefins ahd does not procded in (he absence of a Pd source. Although Pdrmediated 
couplings between terminal alkynes and aryl iodides are known (Amatore et aL (199S) J. ORG. 
5 Chem. 60:* 6829), the Pd-mediated coupling of terminal alkynes with simple or electro^ dejScient 
olefins appjears'tb be a new type of reaction s6heme. 'Iliis newly discovered Reaction scheme - 
may now be characterised in greater dietail lisii^g more cbnventional larger scale reactions. * 

Incorporation Reference ' . 

' I ' • .... 

[0588] I The entire contents of each of the publications, patents and patent applications' 
1 0 cited herein are incorporated by reference into this application for all purposes. 

EQtJIVALENTS 

[0589] . The invention may be embodied in other specific forms without departing form 
the spirit or essential characteristics thereof. The foregoing embodiments are therefore to be 
considered in all respects illustrative rather than limiting on the invention described herein. 
1 5 Scope of the invention is thus indicated by the appended claims rather than by the foregoing 
description, and all changes that come within the meaning and range of equivalency of the. 
claims are intended to be embraced therein. 
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What is claimed is: ' • * , 

1 . 1 . A method of inducing reaction between first and second reactive units during a . 

2 nucleic ,acid-templated chemical reaction, the method comprising the steps of: 

3 (a) providing (i) a template comprising a first reactive unit associated with a first 

4 oligonucleotide comprising a codon and (ii) a transfer unit comprising a second reactive unit 

5 associated with a second oligonucleotide comprising an aiiti-codon capable of annealing to said 

6 codon, wherein said codon or said anti-codpn comprise first and second spaced apart regions; 

7 .. ' (b) annealing said oligonucleotides together thereby to bring said first reactive unit and 

8 said second reaction unit into reactive proximity, wherein said codon or said anti-codon having 

9 said first and second spaced apart regions produce a loop of oligonucleotides not annealed to the 

1 0 corresponding anti-codon or codon; and 

1 1 (c) inducing a covalent bond-forming reaction between said reactive units to produce a 

12 reaction product ' 

1 2. The method of claim 1, wherein at least one of said reactive units is attached adjacent 

2 a terminal region of its corresponding oligonucleotide. 

3 3. The method of claim 2, wherein each of said reactive units is attached adjacent a 

4 terminal portion of its corresponding oligonucleotide. 

1 4. The method of claim 1, 2, or 3, wherein said codon or said anti-codon is disposed at 

2 least 10 bases away fix)m its corresponding reactive unit 

1 5. The method of claim 1, 2, or 3, wherein said codon or said anti-codon is disposed at 

2 least 20 bases away fix>m its corresponding reactive unit. 

1 6. The method of claim 1, 2, or 3, wherein said codon or said anti-codon is disposed 

2 directly adjacent its corresponding reactive unit 

1 7. The method of claim 1, wherein in said codon or said anti-codon comprising said first 

2 and second spaced apart regions, said first region is disposed directly adjacent a terminus of its 

3 corresponding oligonucleotide. 

1 8. The method of claim 1 or 7, wherein said first region of said codon or said anti-codon 

2 comprises three, four or five adjacent nucleotides. 
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1 9. The method of claim 1 or 7, wherein said first region of said codon or said anti-codon 

2 comprises five adjacent nucleotides. 

1 10; The method of claim 1 or 7,Svherein said second region is disposed at' least 201>asefe 

2 away fi-om said reafctive unit. . ' • . " , 

1 11., The metl^od of claim 1 or 7, wherein said second region is disposed at least 30 bases 

2 away firom said reactive imit. * ' ' ' 

1 12. The method of claim 1, whenein said first reactive imit is covalently attached to. said . 

2 first oligonucleotide. . ... . . • : 

. r 

1 13. The method of claim 1 or 12, wherein said second reactive unit is covalently attached 

2 to said second oligonixclciotide. • . • ' 

1 1 4. - A method of inducing reaction' between first and second reactive units d,uring a 

2 nucldc acid-teinplated chemical reaction, the method com^ 

3 (a) providing (i) a template comprising a.first reactive unit associated with a first . 

4 oligonucleotide having a proximal end and a distal end and comprising a codon and (ii) a transfer 

5 unit comprising a second reactive unit associated yath a second oligonucleotide conq)rising an 

6 anti-codon capable of annealing with said codon, wherein said first reactive unit is attached to an 

7 attachment site intermediate said proximal end and said ^istal end of said first oligonucleotide; 

8 (b) annealing said oligonucleotides together thereby to bring said first reactive unit and 

9 said second reactive unit into reactive proximity; and 

10 (c) inducing a covalent b.ond-fgrming reaction between said reactive units to produce a 

1 1 reaction product. 

1 IS. The method of claim 14, wherein said template comprises a second, different codon 

2 capable of annealing to a second, different anti-codon sequence. 

1 16. The method of claim 15, wherein said first codon is located proximal to, and said 

2 second codon is located distal to, said attachment site of said first reactive unit. 

1 17. The method of claim 15 or 16, fiirther comprising providing a second transfer unit 

2 comprising a third reactive unit associated with a third oligonucleotide comprising a second, 

3 different anti-codon sequence capable of annealing with said second codon. 
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1- ' 18. The method of claim 1 7, wherein said first anti-codon of said first transfer unit 

2 anneals to said first codon of said template and said second anti-codon of said second transfer 

3 unit aimeals to said second codon of said template. . "i » * . . , 

1 . . 19. The method of claim 18, wherein said first transfer unit anneals with said teriiplate 

2 concurrently with said second transfer unit, so that s£ud second reactive unit and said third 

3 reactive unit react with said first reactive unit. 

1 . 20. The method of claim 14, wherein said firs't reactive unit is covalently attalched to said 

2 first oligonucleotide. 

1 21. The method of claim 1 4 or 20, wherein said second reactive unit is covalently 

2 attached to said second oligonucleotide. 

1 22. The method of claim 17, wherein said third reactive unit is covalently attached to 

2 said third oligonucleotide. j 

1 23. The method of claim 14, wherein said first reactive unit is a scaffold molecule. 

1 24. A method of increasing reaction selectivity among a plurality of reactants in a 

2 nucleic acid-templated synthesis, the method comprising the steps of: 

3 (a) providing (i) a template comprising a first reactive unit associated with a first 

4 ohgonucleotide comprising a predetermined codon sequence, (ii) a first transfer unit comprising 

5 a second reactive unit associated with a second oligonucleotide comprising an anti-codon 

6 sequence capable of annealing to said codon sequence, and (iii) a second transfer unit comprising 

7 a third reactive unit different from said second reactive unit associated with a third 

8 oligonucleotide without an anti-codon sequence capable of aimealing to said codon sequence; 

9 and 



10 (b) mixing said template, said first transfer unit and said second transfer unit under 

1 1 conditions to permit annealing of said second oligonucleotide of said first transfer unit to said 

12 first oligonucleotide of said template thereby to eidiance covalent bond formation between said 

13 second reactive unit and said first reactive unit relative to covalent bond formation between said 

14 third reactive unit and said first reactive unit. 

1 25. The method of claim 24, wherein said template is associated with a capturable 

2 moiety. 
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1 26. The method ofcldm 24, wherein said first transfer tmit is associated w 

2 capturable moiety. ' ' • 

, ■ ^ * I- , • I • • 

1 27. The method of claim 24, wtierein said second -transfer unit is associated with a' 

2 capturable moiety. , ■ • 

1 '28., The method of claim 25, 26, or 27, wherein said capturable moiety is selected from 

2 the group consisting of biotin, avidin and streptavidin. ... 

1 29. Jhe method dfcldm 28, fiulher comprising the step of capturi^ . 

2 moiety. ■ ' * • ' • . 

' ■ ' . ' 

1 30. The method qfclaim 24, wherein said first reactive unit is covalently attached to said 

2 first oligonucleotide. ' '. . . . . \ 

1 31.. The method of claim 24, wherein said second reactive unit is covalently, attached to 

2 said secoiid oligonucleotide. V • , 

1 32. The method of claim 24, wherein said third reactive unit is covalently attached to 

I 

2 said third oligonucleotide. 

1 33. The method of claim 24, wherein said second reactive xmit and said third reactive 

2 unit are cs^able of reacting independently with s^d first reactive unit 

1 34. The method of claim 24 or 33, wherein said second reactive unit and said third 

2 reactive unit are capable of reacting with one another. 

1 35. The method of claim 34, wherein the reaction between said second reactive unit and 

2 said third reactive unit are incompatible with their respective reactions with said fixst reactive 

3 unit. 

1 36. The method of claim 24, comprising providing a plurality of transfer units. 

1 37. A method of increasing reaction selectivity among a plurality of reactants in a 

2 nucleic acid-templated synthesis, the method comprising the steps of: 

3 (a) providing (i) a template comprising a first oligonucleotide comprising first and 

4 second codon sequences, (ii) a first transfer unit comprising a first reactive unit associated with a 

5 second oligonucleotide comprising a first anti-codon sequence capable of annealing to said first 
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6 codon sequence, (iii) a second transfer unit comprising a second reactive unit associated with a 

7 tliird oligonucleotide comprising a second anti-codori sequence capable of annealing to said 

8 second codon sequence, and (iv) a third transfer unit comprising a third reactive unit associated 

9 with a fourth oligonucleotide sequence without an anti-codon sequence capable of annealing to 
1 0 said first cpdon sequence or said second codon sequence; and 

rl (b) mixing said template, said first transfer unit, said second transfer unit and said third 

12 ' transfer unit under conditions to permit annealing of said first anti-codon sequence to said first 

13 I codon sequence and said second anti-codon sequence to said second codon sequence thereby to 

' . • ' ■ ' ' ' ' . ... 

14 enhance covalent bond formation between said first reactive unit and said second reactive unit 

1 5 relative to covalent bond formation between said third reactive unit and said first reactive unit or 

16 between said third reactive unit and said second reactive unit. 

1 38. The method of claim 37, wherein said template is associated with a capturable 

2 moiety. 

1 39. The method of claim 38, wherein said capturable moiety is selected fi-om the group 

2 consisting of biotin, avidin and streptavidin. 

1 40. The method of claim 38, wherein said capturable moiety is a reaction product 

2 resulting fi-om a reaction between said first reactive unit and said second reactive unit when said 

3 first transfer unit and said second transfer imit are axmealed to said template. 

1 41 . The method of claim 37, wherein said first reactive unit is covalently attached to said 

2 second oligonucleotide. 

1 42. The method of claim 37, wherein said second reactive unit is covalently attached to 

2 said third oligonucleotide. 

1 43. The method of claim 37, wherein said third reactive unit is covalently attached to 

2 said fourth oligonucleotide. 

1 44. The method of claim 37, wherein said third reactive unit is capable of reacting with 

2 said first reactive unit or said second reactive unit. 
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1 45. The method of claim 37, wherein said third reactive unit is capable of reacting with 

2 said first reactive imit and said second reactive unit. 

1 46. The method of claim 44 or 45, wherein the ireaction between said .third reactive unit 

2 and said first reactive unit is incompatible with the reac^dn between said first i:eactive imit and . 

3 said second reactive unit. ' , . ' 

1 47. The method of claim 44 or 45, wherein the reaction between said third reactive qnit 

2 and said second reactfve'imit is incompatible.with the reaction between said first ' 

3 and said.sect?nd reactive unit , ' . * • • . 



1 48. The method ofclaim 37, wherein said covalent bond formation between said first 

2 reactive unit and said second reactive unit is via a regioselective distance dependent reaction. 

1 49, A method of performing stereoselective nucleic acid-templated synthesis, the method 

2 comprising the steps 6f: » ■ i ^ • i * 

3 (a) providing (i) a template comprising a first oligonucleotide optionally associated with 

4 a reactive unit 0nd (ii) one or more transfer units each comprising a second oligonucleoticle 

5 associated with a reactive imit; 

6 (b) annealing said first and second oligonucleotides, thereby bringing at least two said 

7 reactive units into reactive proximity and inducing formation of a covalent bond between said 

8 reactive imits to form a reaction product, wherein said reaction product comprises a chiral center 

9 and is of at least 60% stereochemical purity at said chiral center. 

1 50. Themethodofclaim49, wherein said reaction product is of at least 80% 

2 stereochemical purity at said chiral center. 

1 51. The method of claim 49, wherein said reaction product is of at least 95% 

2 stereochemical purity at said chiral center. 

1 52. The method of claim 49, wherein said reaction product is of at least 99% 

2 stereochemical purity at said chiral center. 



1 

2 



53. The method ofclaim 49, wherein said chiral center is at an atom participating in 
said covalent bond in said reaction product. 
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1 54. A method of performing stereoselective nucleic acid-templated synthesis, the method 

2 comprising the steps of: . • . . 

3 (a) providing (i) at least two teniplatps, dne' template comprising a first oligonucleotide . 

4 associated with a fir^t reactive unit haying a first stereochemical ponfiguratioji and the other . 

5 template comprising a said first oligonucleotide associated with a said first reactive vmit having a 

6 second; different stereochemical configuration and (ii) at least one transfer unit comprising a 

7 second reactive unit associated with a second oligonucleotide, wherein a sequence of said second 

8 oligonucleotide is complementary to a sequeiice of saijd'f^ * • ^ ' 



9 (b) annealing said first and secoiid oligonucleotides together under conditions to permit ' 

1 0 said second reactive unit of said transfer unit to reapt prjeferentially with either said first reactive 

1 1 unit having sa^d first stereochmiical configuration or said first reactive unit having said second 

12 stereochanical configuration to produce a reaction product 

1 55. A method of performing stereqselective nucleic acid-templ,ated synthesis, the method 

2 comprising the- steps of: ' . 

3 (a) providing (i) template comprising a first oligomacleotide associated with a first 

4 reactive unit and (ii) at least two transfer units, one transfer xmit comprising a second 

5 oligonucleotide associated with a second reactive unit having a first stereochemical. configuration 

6 and the other transfer unit comprising a said second oligonucleotide associated with a said 

7 second reactive vmit having a second, different stereochemical configuration, wherein a sequence 

8 of said second oligonucleotide is complementary to a sequence of said first oligonucleotide; and 

9 (b) annealing said first and second oligonucleotides together under conditions to permit 

1 0 said first reactive unit of said template to react preferentially with either said second reactive unit 

1 1 having said first stereochemical configuration or said second reactive unit having said second 

12 stereochemical configuration to produce a reaction product 

1 56. The method of claim 54 or 55, wherein said reaction product has a particular 

2 stereochemical configuration. 

1 57. The method ofclaim 54, wherein a stereochemical configuration or macromolecular 

2 conformation of said first oligonucleotide determines which of said first reactive \inits reacts 

3 preferentially with said second reactive unit 
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r ' 58. The method of claim 55, wherein a stereochemical configuration ox macromrflecular 

2 conformation of said second oligonucleotide determines which of said second reactive units 

3 reacts preferentially with said first reactive unit. . ' ' . - 

1 '59. A reaction product produced t>y the method of any one of claims 54-58. 

1 60. A method of performing stereoselective nucleic acid-templated synthesis, the method 

2' .comprising the steps of: , / 

3 . (a) providing (i) a template comprising a first oligonucleotide comprising a first codon 



4 sequence and a second codon sequence- (ii) a first pair of transfer imits, wherein one transfer unit 

5' of said first pair comprises a second oligonucleotide with a first anti-codon sequence associated 

6 with a first reactive unit having a first stereochemical configuration and the other, transfer unit of 

7 said first pair comprises a said second oligonucleotide associated with a said first reactive unit 

8 having a second stereochemical configuration, and (iii) a second pair of transfer units, wherein 

9 one transfer unit of the second pair comppses a third oligonucleotide with a second anti-codon 
10 sequence associated with a second reactive unit having a first stereochemical configuration and 

i 1 the other transfer unit of said second pair comprises a said third oligonucleotide associated with a 

12 second reactive unit having a second stereochemical configuration; and 



13 (b) aimealing said template, said first pair of transfer units, and said second pair of 

14 transfer units under conditions to permit a member of said first pair of transfer units to react 

15 preferentially with a memb^ of said second pair of transfer units to produce a reaction product. 

1 61 . The method of claim 60, wherein said reaction product has a particular 

2 stereochemical configuration. 

1 62. The method of claim 60, wherein a stereochemical configuration or macromolecular 

2 conformation of said second oligonucleotide determines which member of said first pair of 

3 transfer units reacts preferentially to produce said reaction product. 

1 63. The method of claim 60 or 62, wherein a stereochemical configuration or 

2 macromolecular conformation of said third oligonucleotide determines which member of said 

3 second pair of transfer units reacts preferentially to produce said reaction product. 



1 



64. A reaction product produced by the method of any one of claims 60-63. 
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1 65. A method of eiiiiching a product, of a nucleic acid-templated synthesis, the method 

2 comprising the stepis of: 

3 (a) providing a first library of molecules cobiprising a plurality of reaction prbdiucts » . 

4 associated with ^ correspoiiding plurality of oligonucleotides, wherein each oligonucleotide 

5 comprises a nucleotide sequence indicative of the reaction product associated therewith, and 

6 wherein a portion of said reaction products are capable of binding to a preselected binding 

7 moiety; , j ' ' ' ■ » . 

8 (b) exposing said first library of molecules to paid binding moiety imller conditions to - 

9 permit reaction product capable of bindihg said'binding moie^ • . . . 

10 (c) removing unbound reaction productis^; and *» . • * 

1 1 (d) eluting bound reaction product. fi*oni said binding moiety to produce a second library 

12 of molecules enriched atfeast 50-fold for reaction prodijct that binds .said binding moiety relative 

13 to said first library. ' * . 

1 66.. The method of claim 65, wherein in stqp. (b*), said binding moiety is inamobilized on ' 

2 a solid support. 

1 67. The method of claim 65 or 66, wherein said binding moiety is a target biomolecule. 

1 68. The method of claim 67, wherein said target biomolecule is a protein, 

1 69. The mefliod of claim 65, wherein in step (d), said second library is enriched at least 

2 1 00-fold for reaction product that binds said binding moiety. 

1 70. The method of claim 69, wherein in step (d), said second library is enriched at least 

2 1 ,000-fold for reaction product that binds said binding moiety. 

1 71. The method of claim 65, further comprising repeating steps (b), (c), and (d). 

1 72. The method of claim 71, wherein repeating steps (b), (c), and (d) produces a third 

2 library enriched by at least 10,000-fold for reaction product that binds said binding moiety. 

1 73. The method of claim 72, wherein said library is enriched by at least 100,000-fold for 

2 reaction product that binds said binding moiety. 
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1 ' 74. The method of claim 65, wherein said oligonucleotide comprises a first sequence that 

2 identifies a first reactive unit that produced said reaction product capable of binding said 

3 preselected binding moiety. . • ^ . i • ' ' 

1 75. The method of claim 74, wherein said oligonucleotide comprises a second sequence 

2 that identifies a second reactive unit that produced said reaction product cs^able of binding said 

3 preselected binding moiety. 

1 . 76. The method of claim 65 or 7 1 , comprising the additional step of amplifying 

2 oligonucleotide associated with the enriched reaction product. 

■ ■ ■ . , '• . 

3 77. The method of claim 65, 71, 74, or 75, comprising the additional step of determining 

4 the sequence of the. oligonucleotide associated with the enriched reaction product. ' 

5 78. The method of claim 76, comprising the additional step of determining the sequence 

6 of the amplified oligonucleotide. ^ 

1 79. The method of claim 77, further comprising the step of characterizing said reaction 

2 product from information in said sequence of said oligonucleotide. 

1 80. The method of claim 79, further comprising the step of identifying a new chemical 

2 reaction that produced said reaction product. 

1 81. The method of claim 78, further comprising the step of characterizing the reaction 

2 product fiom information in said sequence of said oligonucleotide. 

1 82. The method of claim 81, further comprising the step of identifying a new chemical 

2 reaction that produced said reaction product. 

1 83 . The method of claim 65, wherein said reaction products are covalently attached to a 

2 corresponding plurality of oligonucleotides. 

1 84. A method of identifying a new chemical reaction, the method comprising the steps 

2 of: 

3 (a) providing a library of molecules comprising a plurality of reaction products 

4 associated with a corresponding plurality of oligonucleotides, wherein each oUgonucleotide 

5 comprises a nucleotide sequence indicative of the reaction product associated therewith; 
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6 (b) selecting a particular reaction product associated with its corresponding 

7 oligonucleotide; ' . 

8 (c) characterizing the reaction i)rodupt; and ' , 

9 (d) identifying a new chemical reaction that niade the reaction product using information 
10 encoded bj^ said corresponding oligonucleotide', i . ' i 

1 85. The method' of claim 84, \yher6in st^p (c) comprises sequencing said corresponding* 

2 oligonucleotide to identify what reactive 'units produced the reaction product. 

' ' ' \'' ' ' ' ' ' ■ 

1 86. The method of claim 84, comprising the additional step of after step (b) amplifying ' 

2 its said corresponding oligoriucleotide. 

1 87. The method of claim 84, wherein th6 reaction product is covalently attached to its 

2 corresponding oligonilcleotides. » ■ . i ^ ■ , 

* * . • » 

1 88'. A method of identifying a new cteinical reaction, the method qomprising the steps 

2 of: . 

3 (a) providing (i) a template comprising a first reactive unit associated with a first 

4 oligonucleotide comprising a codon and (ii) a transfer unit comprising a second reactive unit 

5 associated with a second oligonucleotide comprising an anti-codon, wherein said codon and said 

6 anti-codon are capable of annealing together; 

7 (b) annealing the oUgonucleotides together thereby to bring said first reactive imit and 

8 said second reactive unit into reactive proximity, 

9 (c) inducing a covalent bond-forming reaction between said reactive units to produce a 

1 0 reaction product; 

1 1 (d) characterizing the reaction product; and 

12 (e) identifying a new chemical reaction to make the reaction product using information 

1 3 encoded by the template to identify the first reactive unit and the second reactive unit that 

14 reacted to produce the reaction product. 

1 89. The method of claim 88, further comprising the step of, after step (c) but prior to step 

2 (d), selecting the reaction product. 

1 90. The method of claim 89, wherein in step (a), the transfer unit or the template is 

2 associated with a capturable moiety. 
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1 ' 91 . The method of claim 90, wherein said capturable moiety is selected from, th^ group 

2 consisting of biotin, avidin and streptavidin. . < 

♦ .'• ' »• . 

1. ' . 92. The method of claim 91, wherein said ciapturable moiety is biotin. 

" * ' - !' • ' • ' . . 

1 93. The method of claim 92, wherein said biotin associated with the reaction product is 

2 captured by avidin or streptavidin coupled to a solid support. 

1 94. The method of claim 88, wherein said fiijit reactive unit is covalently attached to said 

2 first oligonucleotide. 

1 95. The method of claim 88 or 94, wherein said second teactive unit is covalently 

2 attached to said second oligonucleotide. ' : ' , 

1 96. A method ofidentifying a new chemical reaction, the method comprising: 

2 (a) providing (i) a first transfer unit comprising a.first reactive unit associated with a first 

3 oligonucleotide, (ii) a second transfer unit comprising a. second reactive unit associated with a 

4 second oligonucleotide, and (iii) a template comprising sequences cs^able of annealing to said 

5 first oligonucleotide and to said second oligonucleotide; 

6 (b) annealing said oligonucleotides to said template thereby to bring said first and second 

7 reactive units into reactive proximity; 

8 (c) inducing a covalent bond-forming reaction between said reactive units to produce a 

9 reaction product; 

10 (d) characterizing said reaction product; and 

1 1 (e) identifying a new chemical reaction to make said reaction product using information 

1 2 encoded by said template to identify said first reactive unit and said second reactive unit that 

1 3 reacted to produce the reaction product. 

1 97. The method of claim 96, fiulher comprising the step of, after step (c) but prior to step 

2 (d), selecting said reaction product. 

1 98. The method of claim 96, wherein in step (a), said template, said first transfer unit or 

2 said second transfer unit is associated with a capturable moiety. 

1 99. The method of claim 98, wherein said capturable moiety is selected from the group 

2 consisting of biotin, avidin and streptavidin. 
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1 100. The method of claim 99, wherein said capturable moiety is biotin. • 

1 '< 101. The method of claim 100, wh^einsaid'biotin associated with said reaction product 

,1 ' * I. 

2 . is captured by avidin or streptavidin coupied to a solid support. 

1 1 02. The method of claim 96, wherein said first reactive unit is covalently attached to 

2 said first oligonucleotide. • 

1 103.. The method of claim 96 or 10i2,' wherein' said second reactive unit is covalently 

2 attached to said second ohgonucleotide. - , 
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CH20 



RN=CH2 



H20 

O 
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autocleaving linker 

O 



.PhA 




Phil 



NvwwMreagent 
H 



Ri 



1 

O 



autocleaving linker ' 

O 

S (CH2)5NHCO(CH2)5NHR 



reagent 



NH»«A«Mtemplate, 



H2N'~^ template 
5, 

AgC:02CF3 



NHwwvMitemplate 



O 

R2NH(CH2)5COHN(CH2)5 NH 

6 template 



■srcar/e^ tinker 



PhH2C O 



o.p o 

11 ^reagent 
7 H 



HjN'"^"" template 
5 



useful scar linker 



OH O 



PhHzC O OH 
10 



PhH2C O O O O 

hV Ol ^ H 



template 



reagent 



H2N^~«««* template 
5 



\ 



pH 11.8 



H 9"2Ph 
tern plate«««« N s_^l^ 

_ O 



2TC 



O „ OH O 
11 



I 



NaI04, pH 5.0 

O .. O 



H M 

templatew«i««N''^*^ N "-jp^H 



PhH2C O 
12 
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reagent 



biotin 




template 

ITT) 0 1 6 C U ! 



molecule 



rC5 blotin 



DN A-tem plated 
synthesis using an 
autocleaving linker 



product-^ 



+ 

^ 

blotin 

+ 

template 
+ 

reagent 



product and 
unreacted template 
enter the next step 



product"^ 



+ 

template 




^WNiWSaI 



avldin--<^ 
blotin ^ 



vyash 
with avidln- 
llnked beads 



vavidin— O 
blotin ^ 



blotin 




molecule^ 



30^ 

template 



molecule 



R blotin 



elute product by 
linker cleavage 




avidin— O 
biotin 



/ \avldln— C ) 
* biotin ^ 



DNA-templated 
synthesis using 
a traceless linker 
or useful scar linker 




template 

+ 

reagent 



capture 
with avldin- 
linked beads 



template 
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, template 
bases 21^30 • ' 



tehiplate 




blotin HN-^ 



EDC, sulfo-NHS^ 
DNA-templated ' 
amide formation 
(step 1) 

Ph 



13 ^ • P 

\p-i ^-Ph 

yoH 

o 



template ^'^^^'VNAA^s^Ns^A^ ^^y^ 



capture with avidin-linked 
beads, elute with pH 11.8 
buffer 



template^^-'-'N/Vs/VN/v^y^ N 



14 



1 



anneal second reagent 



template 



template 
bases 11-20 Phv^ 

biotin HN-^ ° 

>-OH 
Phv. ^ O 



1) DMT-MM (Step 2) 

2) avidin beads, then 
pH 11.8 buffer 



template a^w\/v>v^n 

15 



I 



H i ° 



31 A 
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anneal third reagent 



template 
bases 1-10 



tenriplate ^v^v^v./>v/N/^ 

biotin u\ 



1) DMT-MM (step 3) 

2) avidin beads, then 
pH 11.8 buffer 




template A/vVVVv^i^ N 
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template 



template 
bases 21-30 




5'.-NH, 



biotin HN-\C>H . . 



EPC/ sulfo-NHS 
DNA-tempiated 
- amide formation 
(step 1,77%) 



17 



. •. ^ .OK 
• Ph' 



template AA/WV*v^N „ , 

\J O OH " 



9 H 9 .1 

^ n OH " 18 



biotin 



.capture with avidin 
streptavldin beads, 
elute with NaI04 

O H O 



template^^'^'^'^^/^/^^ N '^^''^^ ^ Y^*^ 



19 



template } f 
bases 11-20 



Ph 

anneal second reagent 
O ^ O 



template'^v/'V^^^^A^^^^ fj (^"^ 



btotin HN 



1) DNA-templated Witting 
olefination (step 2, 66%) 

2) wash with avidin beads 



template A/VVXA/^/^ 




H 

N-dansyl 



1 
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anneal third reagent 



template 
bases 1-10 9 ^ jj" n' 



biotin L.\ ^ 



H 

N^dansyl 




?2 



DNA-template conjugate 
addition (step 3, 75%) 



biotin o 
H 



T X 



template A/^syNs/vv^^N"T ^ 




H 

•N"-dansyl 



23 



capture with 
streptavidin beads, 
elute with pH 11.8 bulTer 



O ^ 

tempiate a/wWv^ N'Y' 
24 Ri 




Ri = CHaPh 

Rz = (CH2)2NH-dansyl 

R3 = (CH2)2NH2 



^p2 

W C U W ID U 



-1 

CI (O 

tSff 



x: 
vise 

4-J C O 
U) C U 



_ I- > 

W 03 U 




^2 5 
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architecture: B 

distance (n): -s. 

coding region E 

matched? ^ 



products — *-| 

template — 

lane# ll"^ 



E 
10 


Q-5 
10 


£2-5 
10 


E 
1 


E 
10 


Q-5 
10 


S2-5 
10 


E 
1 


E ' 
10 


Q-a 

10 


Q-5 
10 


E 
1 


Y 


Y 


N 


Y 


Y 


Y 


N 


Y 


Y 


Y 


N 


Y 








u 








.Si* 










3 


4 


5 








9 


10 


11 




13 


•;'t4 " 



.E Q-5 
10 10 10 



amine acytation 



Wittig olefination 



1,3-dipoIar 
cycloaddition 



reductive 
aminatioi; 
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Architecture Buffer T^l^'C) 



E{n=^0) 


PBS 


46 


Q (n=10) 


PBS 


46 


E (n=10) 


HSP 


55 


Q(r^10) 


HSP 


54 


E (n=20) 


PBS 


40 


Q (n=20) 


PBS 


39 



36 
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T Architecture Reactions 



100% 




0% 



Amine Wittig 1,3-DIpolar Reductive 

/^cytatlon Olefination Cydoaddition Aminatton 



3^ 
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(b) 10~mer.— phosphlne: - — + + +. + - - + + • 
10-mer— iodide: - - + + r:. + t + + 

30-mer— aldehyde:'- + + - '-7:^. .-Wl-" ^--Jfe:^^^ '+ ' 




3^ 
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y4 



"Y»(S)or{/?) 



12 bases 

3 3•'•^a)>®<®^%l^Y^^ — - 5.o±o.7 



92 bases 



3? 
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A 



cNratabasic 
phosphoribosB 

t1 1 O 

nt ttt 



10 2 O 

nt nt 



7(0 ti 



MO 



cQstorationfirom the 3' end 
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(S)or(/?) 



B-DNA 



SH ^Xq' 



normal sequence . ^jr* o 

normal sequence . ^ . n i; 
SMNaCI ^-^"-^ 



•"^'^^JSTnES 0.3I±0.05 



Z-ONA 



41 
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achirai 

PEG linker P EG link er 



^ V * Me Br 



Br 

Me 



Y 

W*R.app = 0-95 to 1.09±0.09 
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lOOmMNaCl S.MNaCI 




'i5 
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3>6U> AfQ. : templates 



M 3'.TT/^AGCATg9T>R Ia:R= VTV^*^ O lb:R=j-NH2 lc:R=S-NHv 

(11-mer) fa-tc J-NfO-V^ ^ ^ 



IT 3'-TCTGA TAGAGAGCAATT -R 2a: R = ^^^^"^0 >: R = J^N^V S-V^ 2c- R = S-NH, ' ' 

(17-mer) 2a-2c c^n^Tw^ . « V^CO^H * ' ' 

It 3'-CAGTAATCTGATGAGACATCTAT-R 3a: R = A_y~VJ*^0 ' 3c- R = S-NH 

<23^) ■ 3ll-3c ^nhw"^ ^ ^ 

I ' 

reaqente ■ o ' ' o 

17 y-CAGCMTTCGTACC-R 'la: R = J^NHj . « = ^-N'V^ ^fiCV^' 

04-nier) ' 4a-4c ^"**Sr" 

0 0 ' n . O 



' V y-CTCAGC TCTCTCGTTA -R Sa: R = ^SH 5b: R = ^N'Sj^ 5c- R = S-N"\^ 

• (16-mer) Sa-5c ' ' " ^^-^N^ ' 

S . ■ O O ' O 

19 S'-GGCTCAGCPTCTQTAGAT -R 6a: R = J-hj-'^^NOi . 6c: R = S-N'"^^^"^-'"^*-^^" 

' . (lannerj , ^ j t ' , . " • . O , 

Y ^ TV ' ^ ^ 

one^xH I one-pot , one-|>ot | 

leacbon I reactfpn reaction I 

+ O + . 

— k\x^s._ "-8yo^«-,e_ "^s^lc/f;^ 

o + 
JL ^ HN-18-mer 

23-mer " 



^ m V ^ ^ . --TT 
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£-2 18 y-G^eGensMJ^NHj "^OLm • **** • " 
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O 




one-pot reactions containing one biotinylated template (15, 16, 17, 18, 19, or 20) 
+ five non-biotinylated templates (out of 15-20) + six reagents (21-26) 

before purificationwith strepavidin be^ds after purification witti streptavidin beads 




4t 
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. deprotecBon Of ... a A 

PG3 PG3 templated) ^ . , 

.ns..A^^p32 ^<v.<vHfc%2 ^'^'J»S' ■ ''•^'•^^>-fi,°^ ^%/<-^ 

PG3 . P63 fourPGIs IB ' B 

PG3 PG3 . ■ • 

i repeat with PG28 
rAnrrbmt^ C and C 



I repeat with PG 28 afid 
1 reactants C and D 

•x«v>y^c >A.HjH> "jgaSlggar ^^«''«^»-^ 



pea 
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Start Monomer 



O-NBOC 
HN 



covaiently-intact template DNA strand 



^0 

' O 



o 



-CIIUIIIIQ 



Starting string of dC's provides 
good initiation and a site fon 
PGR priming witli oligo-dG 



Photocaged primary amine HO 




Every 2 nucleotides 
encodes oiie dicarbamate 



prevents premature k,^o9--^ ^ ' \ "monomer"; this provides . 
initiation of carbamate ^_|^^f>-o"VO>v^Bi-"B^ • 14 functional codons. 



polymerizatfon 




Extend Monomers 



TBSO q/ 

I Bxf>-o-r.o- 




1 start codon, 1 stop 
codon 



B2"™B2' 




H TBSO o 




TBSO Q 




Stop Monomer 



blopolymer 
polynnerization 



photodeprotect 



1 



R5 ^3-0-P^0""^^A'''"-T 



\ 




MeO 



5Z 
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covalently-intact DNA double helix 

O 




Phosphate 
elimination may be 
5^iiitiiB^« driven by the resulting 
V - - " release of phenol 



B2"'"B2' 



B3""'B3' 



selection 
• or • 

ester cleavage followed 
by PCR amplification, 
DNA mutation, 
or DNA sequencing 




V 

(PTES 





5- 3' ^ 

AcN'VW\/vw\/vC02u»>niii»iiiiiiiiiiiinOMe \f 

carbamate encoding DNA 



Nv> ^ O \ 



3 HN^ 



A— T 



MeO 
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bases 9-18 />NHAnoc 1) EDC. sNHS. pH 5.0 

^ ^ ^ - 2) streptavidin beads, 

' t^en pH 1 1 .6 buffer 

lempfate 

bases 20-29 i >^^'°° 1) EDC. sNHS, pH 5.0 



OH 

b^i2U40 ,j,NH2 1)EDC.sNHS.pH5.0 

« * viv H (^.^o 2} sfreptavkSn beads. 

H n 



OH 



library ^ ^nh**^' 



O^NH 

macrocydic 
fumaramide 



Ha. 
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O^OH 



1) EDC, sulfo-NHS 
pH 5.0, >70% yield 

2) capture on slieptavldkv 



Nal04, 



pH 8.5 y— / /N-:^ 

HN ^^NH 







cyclteation* 
yiekl 


Gly 




Ala 


-90% 


Ala 


Ala 


Ala 


~90% 


Aia 


(D}-Ala 


Ala 


-90% 


Val 


Val 


Val 


-90% 


Val 


Val 


Leu 


-90% 


Vdl 


<D)-Val 


Val 


-80% 


Val 


(DVVal 


Leu 


-80% 


Phe 


Phe 


Ala 


-80% 


Phe 


Phe 


Leu 


-80% 


GABA 


GABA 


Mia 


-80% 


Phe 


Phe 


Phe 


-60% 



5i& 
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' X) ^ p /'\^^ 

' HzfAcOjH HaN^COjH HjN^^XOjH HaN-^GQ^H HjN^^^--*^ 

X J} J • ^ : fir 

HzN-^COjH HjN-^COaH H^N^COjH HaN^Nxy* HaN^^COaH 
HN^NHj 



3?- 
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{^SEa ID Vo "J/) 



HMOC-^MH, '2^^ - - , , 

~~~Iirri PCRptimer 



5^ 
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GO 
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( )|)||,nnMi MnilP"""t"'"«""""''"<" 



random DNA region 



Ho-y- 



monomers X 



DNA-4eTnptated 
polymerization 



HO-3' 



synthetic pofymer 



(optional: couple R groups to form 
a new synthetic polymer backbone) 



denature 

ONApotymerase 

dNTPs 




hairpin DfM tamplate 



61 
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O NHs ^ 



H 



NH2 



6'NH, 



NaBHaCN 



N ^J" fta//p/rt DAM template ^ ^-^ 



warn = 5'-AGTC-3* 

matched codon 



misma tched-codon 



= 5'-ATGC-3* 



4 



r 



. 8 different misfnatched 
codons at position 3: 
ATTC.AT6C.ATCC,AGGC, 
AGCC,ACrC,ACGC. or ACCC 



full-length _ 
product" 

truncated . 
products 

template - 




6:2. 
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40-base templates (10 four-baise codons) 



■ =5*-AGTC.y 
matched codon 

H=5'-ATGC-y 

mismatched codon 

T = template only 
R = reiaction 



full-length 
product 



truncated — f 
products I 



template 



r 




6>3 
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template 
|=5'-AGTC-3* 

i = one of eight other 
4-base codons 



T = template only 

M = reaction, with oply gact PNA aldehyde 

C = reaction with gact + PNA aldehyde 

dompjementary'to B 
E =• reaction witH gact + all PNA aldehydes 
gvvt except the* complement of M 

3= ACCC 
— ^ 



• «, E=^B S=ATTC g = ACTC E=ATCC i 

""pas . — "~^^~f^- :" -A . 

truncated^ ^■■^:■^''^t}>^■^?^)imrt 
productT^ 



product^?: ii;*:>v^lSp^Sms§^|€'.^;§?^^ '^n 
template' . T M t M C E T M " C E T M C E T M C E 

fi.iLionnth ii = AGCC B = ATGC; B = ACGC B = AGGC 

full-length ^ ^ - ./ * ,/ ^ m * » 

product 

tmncated^ m ' -^IST^SilJ 
product 

template' T M T M .C E T .M C E f M C E f M C E 



6^ 
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U 

U 
<U 
Q. 
(A 

in fo 
(J t: 
•r: <u 



O 
> 



CO 

E 
3 

c 



c 



c 
o 

ro 
E 



-(/)- 



o. 
E 
8 
2 



JQ 

n3 



c: 



s 

o 



u 

U 

2 ^ 




o 

isl S. 



> w 



-a p 

St 

T3 <U 

8 05 
"o cn 

id 

- 2 



In ;s 



c 

(U 

E 



a> o 
I I 



(0^ 

5 



0)=i 
C JD 

0 V) 

■4-» 

€< 

ai 
> 5 

o 

iA Q 

cfl!5 
c 13 

t a 

S E 

— . o 

KJ — 

1 s 

Si 

sl 

Eu 
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/ = 2'-deoxyribose-5*-triphosphate 



f3 
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<N 2: V 



X 

an 



(U 

^ 10' 
X CL 

o 

<u o 
"o x: 

J CL 

II -v 

of ih 



Y 



I 

CM 



GO 
I 

o 
rsj 



Y 



T-i 



CO 



CO 

u 

u 



CO 



o 



X 

O X ^ 
0) o 

O cn 
U O , 

2t Q. 

to 

j?^X. 

CL £ n 

Q- p (J 

2 



' lU 



o 



c 

5 S of 

iii 

9 Q 

X -J- (N 

^ 11 

s: LU u 

JL il " 
£x: of of 

%^ 



CD 

x" 

(U 

Q. ~ 



>^ X X "K 
^ " » n 

T3 <U 



cn 
o 

X 

o 

I 

rM 
II 

a: 



1 




z 1 


/ 


xz 


xz 


xz 








01 

z 




11 

r-l 

Of 
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• Rl * A, 



.9 ' 



NH2 

^^-d^xyribose 5'-triphosphate 



R R 



Accepted as triphosphates and as templates during PGR by Tag DMA polymerase: 

•Nudeottdes not successfully incorporated by Taq DNA polymefase: 
31 . 32 ^'n^oh 33 34 



■^5 
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1 2 3 



1 = 10 bp ladder .. 

2 = error-prone PGR-generated 

library containing 
o o 



instead of T 



3 = lane 2 following purification 
of the desired strand 



wo 2004/016767 



PCT/US2003/025984 



83/99 



5 * -AGGTAGOGOCSTCGCf 



20 or 40 /aodoni 



synttwtictBmpkitollbfBry 



iCOGTCATCGAGdCCA-a * 



- metal-binding 
tmdeoticte 



DNA polymerase 
dCTP. dGTP 
dATPordATP 
dirTPordTTP 



3'-GGCAGTAfeCTCGGGT^NH:^-S' { S 6 (i ID^O'^z) 

5'-biotin'-TROST3VGCGGOGTCGC-3' ["^^(^ fO f\ti.li) 



3 * -ATBCATOGboGCaOOgj 



5 • -biotln-TMSKEAGOOGOGTOGa 

remove undeared strand 
with avidin imagn^ beads 
and denaturant 



HG6aiteTAGCIOC3G8T-HB2- 5 
HCCBXCWR3qaQOCCA--3 ■ 



3 * -ATGCAIOGCCQCaUSa 



Bbmiyieadytorsetocam ' 



7? 
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jnotecute pwteln acgwHy factor (moQ 

3 KdoOJfiM 330 10-a» 

4 streptavitfin f^s40(M 4,400 10*^^ 

5 papain ICso»t4|;M 64 10-*» 

5 diymotfypsln tCgo'^ZBOnM 76 10'^^ 

6 papain lCso-270r>M' 98 ' lOr^® 
KialOOnM 125 10-" 
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ghitattHone^H-/^,^^ (1) ^^^^ 



Hrndlll 



number of starting molecules of (1) and (2) 

ffn 10<(1) 10* (1) 10* (i) 10* (1) 10* (1) 
11 106(2) 10^ (2) I OP (2) 10^. (2) 10\° (2) 




DNA encoding (2) 
^-DNA encoding (1) 



M t I t 1 t I t t 



200 2.S00 7«500 10.000 >IO.000 



B selection 



TO 
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•sA^ ° Hind III I cart* 



ssleclfor 
carbonic 
anhydrase 
bbidbig 

(round 2) 



select for' 
caitxjr^c 
anhydraso 

O (4) doundl)' 

(3):(4)= 1:1,000^ 



CJ):<4) < 1:200 



(3):(4)=l:3 
(330.000-fbld n( 
cnrichroeot) 



soied for 
csirbonic 

binding- 

(rounds) 



(3):t4) = 5:l 
<5^,000-fold 
net cnridmient) 



:58 



3 



III III ill 



DNA encoding (4) 
DNA encoding P) 
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■I 

^^^^ Ajj^^u/^ (4) \ 



O 




uncut 
-DNA 
-digested 

DNA 



ratio aner ratio after papan 
ICsofor ICsofor initial papain affiiiily spedfidty 
I chyinotiypsin^°° papam^o^ ratto sdection aetecUon 

(4) >500/*M >SiiOpM 24 I 1 

! (5) 0.29 #iM l4|iM 4 12 I 

;' (6) >SOO;iM OjrjpM I 12 >I0 



W2 
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?3 
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92/99 



'V 



^-%<W (3) 
Hind 111 



Met4.eu-Phe'*^(J^'^U^^ (2) 
(3):(2),a1:1,000 



select for 
carbonic 
anhydrase 
binding 

(round 2) 



<3):(2)2:10:1 
(2 10,000-fold net 
enrichment) 



select fqr 
cartionic 

anhydmse 
binding 

' (round 1) - 



1 ^1 



{3):{2) = 1:3 
' (330-fold 
enricliment) 




-(2)DNA 
- (3) DNA 
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CO 

O c C 

CO tS 
- ' CO ^ 



(D 



o (0 y o 
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<D CO 
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o o ^ S 

o CL c o 

c E ii 
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A. 

htiU 



A2 Bl 



_ » •» Tit J^Z^^j\n^\r . . — - — 

Bl 



1 ) combtric witn cr 



linked 'bsads 
31 PCR survivors 



-^3 



32 



^ 5--bisnin 



a, 

8} ooinp'Sns&flf 



/ 



pooi A 
— PGR 
produc: 

Ipcr 

I primers | 



-dsucte digest wnn Mse I 
fc:e3ve5 Ari ana r»:^S i 
(cissvas 5«1 



^6 
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o 

1) combine with or 
without Cu* 

2) select with avidtn> 
linked k>eads 

3) PGR amplify sunrivors 

4) double digest with 
Msel(deavesA2) 

& r5p45. 1 (cleaves B4) 



z 3 4 
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SEQUENCE LISTING 

<110> President and Fellows of Harvard College 

<120> Evolving New Molecular Function 

<130> LS5-001PC 

<150> US 60/404,395 

<151> 2002-08-19 

<150> US 60/419,667 

<151> 2002-10-18 

<150> US 60/432,812 

<151> 2002-12-11 

<150> US 60/444,770 

<151> 2003-02-04 

<150> US 60/457,789 

<151> 2003-03-26 

<150> US 60/469,866 

<151> 2003-05-12 

<150> US 60/479,494 

<151> 2003-06-18 

<160> 125 

<170> Patentin version 3.1 

<210> 1 

<211> 64 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template Encoding Parent Molecule 1 

<400> 1 ^ ^ 

cgagcagcac cagcgcactc cgcctggatc cgccccgggt gcacgcgact cctacgggct bO 



ccaa 

<210> 2 
<211> 64 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template Encoding Parent Molecule 2 

<400> 2 

cgagcagcac cagcgagtcc cgcctgggga tgccccgggt gggcgcgact ccaacgggct 
ccaa 

Page 1 
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<210> 3 

<211> 64 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Recombined Daughter Template 

<400> 3 

cgagcagcac cagcgcactc cgcctgggga tgccccgggt gggcgcgact cctacgggct 60 
ccaa 64 



<210> 


4 




<211> 


64 




<212> 


DNA 




<213> 


Artificial 


Sequence 


<220> 






<223> 


Recombined 


Daughter 


<400> 


4 





cgagcagcac cagcgagtcc cgcctggatc cgccccgggt gcacgcgact ccaacgggct 60 
ccaa 64 



<210> 5 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 

<400> 5 

aattcgtacc 10 



<210> 6 

<211> 11 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template E 

<400> 6 

tggtacgaat t 11 



<210> 7 

<211> 31 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template H 

Page 2 
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<400> ^^7 

tcgcgagcgt acgctcgcga tggtacgaat t 



31 



<210> 8 

<211> 20 

<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



Template 



<400> 8 

tggtacgaat tcgactcggg 



20 



<210> 9 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 

<400> 9 
cccgagtcga 



10 



<210> 10 

<211> 50 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> Template 

<400> 10 

tggtgcggag ccgccgtgac gggtgatacc acctccgagc cgaggagccg 



50 



<210> 
<211> 
<212> 



<220> 
<221> 
<222> 
<223> 



11 
50 
DNA 



<213> Artificial Sequence 
<220> 

<223> Template 



mis cofeature 
(17) (17) 
N is A, C, T or G 



<220> 
<221> 
<222> 
<223> 



misc_f eature 
(19) . . (19) 
N is A, C, T or 
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<220> 
<221> 
<222> 
<223> 



lais cofeature 
(21) . . (21) 
N is C/ T or G 



<220> 
<221> 
<222> 
<223> 



misc_f eature 
(23) (24) 
N is A, C, T or G 



<400> 11 



tggtgcggag ccgccgncna ncnngatacc acctccgagc cgaggagccg 



50 



<210> 12 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 

<400> 12 

cacccgtcac 10 



<210> 13 

<211> 10 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> Reagent 
<220> 

<221> mis cofeature 

<222> (2).. (3) 

<223> N is A, T, C or G 



<220> 

<221> mi sc_f eature 

<222> (5).. (5) 

<223> N is A, T, C or G 



<220> 

<221> misc_f eature 

<222> (7) . , (7) 

<223> N is A, T, C or G 



<220> 

<221> misc_f eature 

<222> (9).. (9) 

<223> N is A^ T, C or G 
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<400> 13 
cnngntngnc 



10 



<210> 14 

<211> 11 

<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



Template la-lc 



<400> 14 
tggtacgaat t 



11 



<210> 15 

<211> 17 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template 2a-2c 

<4O0> 15 

ttaacgagag atagtct 



17 



<210> 16 

<211> 23 

<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



Template 3a-3c 



<400> 16 

tatctacaga gtagtctaat gac 



23 



<210> 17 

<211> 14 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 4a-4c 

<400> 17 
cagcaattcg tacc 



14 



<210> 18 

<211> 16 

<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



Reagent 5a-5c 
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<400> 18 
ctcagctctc tcgtta 



16 



<210> 19 

<211> 18 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 6a- 6c^ 

<400> 19 

ggctcagcct ctgtagat 18 



<210> 20 

<211> 11 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template 15 

<400> 20 

tatagatcag c 11 



<210> 21 

<211> 11 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template 17 

<400> 21 

ttaacgagag a 11 



<210> 22 

<211> 11 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template 18 



<210> 23 

<211> 11 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template 19 



<400> 22 
tatctacaga g 



11 
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<400> 23 
tcctgatgta a 



11 



<210> 24 

<211> 11 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template 20 

<400> 24 
taagatctgc t 



11 



<210> 25 

<211> 15 

<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



Reagent 21 



<400> 25 
tcagcgctga tctat 



15 



<210> 26 

<211> 20 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 22 

<400> 26 

agggctcagc aattcgtacc 



20 



<210> 27 

<211> 25 

<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



Reagent 23 



<400> 27 

acgtaagggc tcagctctct cgtta 



25 



<210> 28 

<211> 31 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 24 
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<400> 28 

ttccagccgt aagggctcag cctctgtaga t 



31 



<210> 29 

<211> 35 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 25 

<400> 29 

ggcatttccg acctaagggc tcagcttaca tcagg 



35 



<210> 30 

<211> 40 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> Reagent 26 

<400> 30 

tctatggcat ttccgacgta agggctcagc agcagatctt 



40 



<210> 
<211> 
<212> 



<220> 
<221> 
<222> 
<223> 



31 
48 
DNA 



<213> Artificial Sequence 
<220> 

<223> Template 



misc_f eature 
(11) . . (16) 
N is A, T, C or G. 



<220> 
<221> 
<222> 
<223> 



mis cofeature 
(22) . . (27) 
N is A, T, C or G. 



<220> 
<221> 
<222> 
<223> 



mi sc__f eature 
(33) . . (38) 
N is A, T, C or 



<400> 31 

tcggacgtgt nnnnnngagt cnnnnnnctc agnnnnnngt agacatgc 



48 



<210> 32 
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<211> 15 



<212> 
<213> 


DMA 

Artificial Sequence 






<220> 
<223> 


Reagent 






<400> 32 
tgggctcgat gacgg 




15 


<210> 
<211> 
<212> 
<213> 


33 
16 
DNA 

Artificial Sequence 






<220> 
<223> 


Reagent 






<400> 33 
tacgtagcgg cgtcgc 




16 


<210> 
<211> 
<212> 
<213> 


34 
51 
DNA 

Artificial Sequence 






<220> 
<223> 


Template 






<220> 
<221> 
<222> 
<223> 


raise feature 
(17) . . (36) 
N is A, T, C or G 






<400> 34 

tacgtagcgg cgtcgcnnnn nnnnnnnnnn nnnnnnccgt 


catcgagccc a 


51 


<210> 
<211> 
<212> 
<213> 


35 
16 
DNA 

Artificial Sequence 






<220> 
<223> 


Primer 1 






<400> 35 
tggtgcggag ccgccg 




16 


<210> 
<211> 
<212> 
<213> 


36 
37 
DNA 

Artificial Sequence 






<220> 
<223> 


Primer 

Page 
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<400> 36 



ccactgtccg tggcgcgacc ccggctcctc ggctcgg 



37 



<210> 37 

<211> 21 

<212> DNA 

<213> Artificial Sec[uence 
<220> 

<223> Primer 

<400> 37 

ccactgtccg tggcgcgacc c 21 

<210> 38 

<211> 19 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 



<210> 39 

<211> 19 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 

<400> 39 

gggctcagct tccccataa 19 



<210> 40 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 



<210> 41 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 



<400> 38 

cccgagtcga agtcgtacc 



19 



<400> 40 
aaatcttccc 



10 
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<400> 41 
aattcttacc 



10 



<210> 42 

<211> 60 

<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



E Template 



<400> 42 ^ 4- 

cgcgagcgta cgctcgcgat ggtacgaatt cgactcggga ataccacctt cgactcgagg 



60 



<210> 
<211> 
<212> 



43 
31 
DNA 



<213> Artificial Sequence 



<220> 
<223> 



H Ten^late 



<400> 43 

cgcgagcgta cgctcgcgat ggtacgaatt c 



31 



<210> 44 

<211> 10 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> Clamp Oligonucleotide 



<400> 44 
attcgtacca 



10 



<210> 45 

<211> 20 

<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



Template 1 



<400> 45 

tggtacgaat tcgactcggg 



20 



<210> 46 

<211> 16 

<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



Reagents 2 and 3 matched 
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<400> 46 
gagtcgaatt cgtacc 



16 



<210> 47 

<211> 16 

<212> DMA 

<213> Artificial Sequence 



<220> 
<223> 



Reagents 2 and 3 mismatched 



<400> 47 
gggctcagct tcccca 



16 



<210> 48 

<211> 30 

<212> DNA 

<213> Artificial Sequence 

<22a> 

<223> Templates 4 and 5 

<400> 48 

ggtacgaatt cgactcggga ataccacctt 



30 



<210> 49 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagents 6-9 matched, n=10 

<400> 49 
tcccgagtcg 



10 



<210> 50 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 6 matched/ n=0 

<400> 50 
aattcgtacc 



10 



<210> 51 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagents 6-9 mismatched 
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<400> 51 
tcacctagca 

<210> 52 

<211> 20 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Templates 11, 12, 14, 17, 18, 20 

<400> 52 ' 
ggtacgaatt cgactcggga 

<210> 53 

<211> 20 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagents 10, 13, 16, 19 matched 

<400> 53 

tcccgagtcg aattcgtacc 

<210> 54 

<211> 20 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagents 10, 13, 16, 19 mismatched 

<400> 54 

gggctcagct tccccataat 

<210> 55 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 15 matched 

<400> 55 
aattcgtacc 

<210> 56 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 15 mismatched 
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<:400> 56 
tcgtattcca 



10 



<210> 57 

<211> 30 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template for n«10 vs. n-0 comparison 

<400> 57 

tagcgattac ggtacgaatt cgactcggga 30 

<210> 58 

<211> 30 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> E or Omega Template 



<210> 59 

<211> 48 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> H Template 

<400> 59 

cgcgagcgta cgctcgcggg tacgaattcg actcgggaat accacctt 48 

<210> 60 

<211> 29 

<212> DNA 

<213> Artificial Secjuence 
<220> 

<223> T Template 

<220> 

<221> misc_feature 

<222> (14) . . (14) 

<223> N is c(dt-'nh2) 



<400> 58 

ggtacgaatt cgactcggga ataccacctt 



30 



<400> 60 

ggtacgaatt cgancgggaa taccacctt 



29 



<210> 61 



Page 14 



wo 2004/016767 



PCTAJS2003/025984 



<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> E or H Reagent (n=l) 

<400> 61 
aattcgtacc 



<210> 62 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> E or H Reagent (n=10) 

<400> 62 
tcccgagtcg 

<210> 63 

<211> 10 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> E or H Reagent (n=20) 

<400> 63 
aaggtggtat 

<210> 64 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Mismatched E or H Reagent 

<400> 64 
tccctgatcg 



<210> 65 

<211> 13 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Omega-3 Reagent (n«10) 

<400> 65 
tcccgagtcg acc 



<210> 66 



10 



10 



10 



13 
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<211> 13 
<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



Omega- 4 Reagent (n*=10) 



<400> 66 
tcccgagtcg acc 



13 



<210> 67 

<211> 15 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> Omega- 5 Reagent {n=»10) 

<400> 67 
tcccgagtcg gtacc 



15 



<210> 68 

<211> 13 

<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



Omega- 3 Reagent (n=20) 



<400> 68 
aaggtggtat acc 



13 



<210> 69 

<211> 14 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Omega-4 Reagent (n'=20) 

<400> 69 
aaggtggtat tacc 



14 



<210> 70 

<211> 15 

<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



Omega- 5 Reagent (n=20) 



<400> 70 
aaggtggtat gtacc 



15 



<210> 71 
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<211> 13 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Mismatched Qmega-3 Reagent 

<400> 71 
tccctgatcg acc 



<210> 72 

<211> 14 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Mismatched Omega- 4 Reagent 

<400> 72 
tccctgatcg tacc 

<210> 73 

<211> 15 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> Mismatched Omega-5 Reagent 

<400> 73 
tccctgatcg gtacc 



<210> 74 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> T Reagent (n=l) 

<400> 74 
ggtattcccg 



<210> 75 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> T Reagent {n=2) 

<400> 75 
tggtattccc 



<210> 76 



PCTAJS2003/025984 



13 



14 



15 



10 



10 
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<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> T Reagent (n=3) 

<400> 76 
gtggtattcc 



10 



<210> 77 

<211> 10 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> T Reagent (n'=4) 

<400> 77 
ggtggtattc 



10 



<210> 78 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> T Reagent (n=5) 

<400> 78 
aggtggtatt 



10 



<210> 79 

<211> 10 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> T Reagent (n«-l) 

<400> 79 
gtcgaattcg 



10 



<210> 80 

<211> 10 

<212> DNA 

<213> Artificial Secjuence 
<220> 

<223> T Reagent (n'=-4) 

<400> 80 
aattcgtacc 



10 



<210> 81 
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<211> 31 

<212> DMA 

<213> Artificial Sequence 
<220> 

<223> Template 



<400> 81 

tcgcgagcgt acgctcgcga ggtacgaatt c 



31 



<210> 82 

<211> 11 

<212> DNA 

<213> Artificial Sequence 



<220> 

<223> Reagent 

<400> 82 
gaattcgtac c 



11 



<210> 83 

<211> 23 

<212> DNA 

<213> Artificial Sequence 



<220> 

<223> Reagent 
<400> 83 

tacgctcgcg atggtacgaa ttc 



23 



<210> 84 

<211> 23 

<212> DNA 

<213> Artificial Sequence 



<220> 

<223> Template 
<400> 84 

gaattcgtac atagcgctcg cat 



23 



<210> 85 

<211> 11 

<212> DNA 

<213> Artificial Sequence 



<220> 

<223> Reagent 

<400> 85 
tgtacgaatt c 



11 



<210> 86 
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<211> 48 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template 

<400> 86 

gaattctgga cacttagcta ttcatcgagc gtacgctcga tgaatagc 



48 



<210> 87 

<211> 15 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 

<400> 87 
taagtgtcca gaatt 



15 



<210> 
<211> 
<212> 
<213> 

<220> 
<223> 

<220> 
<221> 
<222> 
<223> 



88 
48 
DNA 

Artificial Sequence 



Template 



modif ied_base 
(7) . . (7) 

5-methyl cytosine 



<220> 
<221> 
<222> 
<223> 



modif ied_base 
(9) . . (9) 

5-methyl cytosine 



<220> 
<221> 
<222> 
<223> 



modif ied_base 
(11) (11) 
5-methyl cytosine 



<220> 
<221> 
<222> 
<223> 



modif ied_base 
(13) (13) 
5-methyl cytosine 



<220> 
<221> 
<222> 
<223> 



modif ied__base 
(15) . . (15) 
5 -methyl cytosine 
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<220> 

<221> modified_base 

<222> (17).. (1"?) 

<223> 5~methyl cytosine 



<220> 

<221> modified_base 

<222> (19) . . (19) 

<223> 5 -methyl cytosine 



<220> 

<221> modified_base 

<222> (21).. (21) 

<223> 5-niethyl cytosine 



<220> 

<221> modified^base 

<222> (23).. (23) 

<223> 5-methyl cytosine 



<220> 

<22 1> modi f ied_base 

<222> (25).. (25) 

<223> 5-methyl cytosine 



<220> 

<221> modified_base 

<222> (39).. (39) 

<223> 5-methyl cytosine 



<220> 

<221> modif ied_base 

<222> (41).. (41) 

<223> 5-methyl cytosine 



<220> 

<221> modified_base 

<222> (43).. (43) 

<223> 5-methyl cytosine 



<220> 

<221> modified^base 

<222> (45).. (45) 

<223> 5-methyl cytosine 



<220> 

<221> modified_base 

<222> (47) . . (47) 

<223> 5-methyl cytosine 
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<400> 88 

gaattccgcg cgcgcacgcg cgcgcggagc gtacgctccg cgcgcgcg 



<210> 89 

<211> 15 

<212> DNA 

<213> Artificial 



Sequence 



<220> 

<223> Reagent 



<220> 

<221> modified_base 

<222> (3) . . (3) 

<223> 5-methyl cytosine 



<220> 

<221> modified_base . 

<222> (5).. (5) 

<223> 5-methyl cytosine 



<220> 

<221> itiodified__base 

<222> (7).. (7) 

<223> 5-methyl cytosine 



<220> 

<221> modified_base 

<222> (9).. (9) 

<223> 5-methyl cytosine 



<400> 89 
tgcgcgcgcg gaatt 



<210> 90 

<211> 11 

<212> DNA 

<213> Artificial 



Sequence 



<220> 

<223> Template 

<400> 90 
ggtacgaatt c 



<210> 91 

<211> 11 

<212> DNA 

<213> Artificial Sequence 



<220> 

<223> Reagent 
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<400> 91 
gaattcgtac c 



11 



<210> 92 

<211> 11 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template 

<400> 92 
gaattcgtac a 



11 



<210> 93 

<211> 11 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 

<400> . 93 
tgtacgaatt c 



11 



<210> 94 

<211> 22 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template 

<400> 94 

acgctcgcga tggtacgaat tc 



22 



<210> 95 

<211> 11 

<212> DNA 

<213> Artificial sequence 
<220> 

<223> Reagent 

<400> 95 
gaattcgtac c 



11 



<210> 96 

<211> 22 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template 
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<400> 96 

gaattcgtac atagcgctcg ca 



22 



<210> 97 

<211> 11 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 

<400> 97- 
tgtacgaatt c 



11 



<210> 98 

<211> 23 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template 

<400> 98 

tacgctcgcg atggtacgaa ttc 



23 



<210> 99 

<211> 11 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> Reagent 

<400> 99 
gaattcgtac c 



11 



<210> 100 

<211> 23 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Template 

<400> 100 

gaattcgtac atagcgctcg cat 



23 



<210> 101 

<211> 11 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 
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<400> 101 
tgtacgaatt c 



11 



<210> 102 

<211> 48 

<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



Template 



<400> 102. 

gaattctgga cacttagcta ttcatcgagc gtacgctcga tgaatagc 



48 



<210> 103 

<211> 16 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> Reagent 

<400> 103 
taagtgtcca gaattc 



16 



<210> 
<211> 
<212> 



104 

48 

DNA 



<213> Artificial Sequence 

<220> 

<223> Template 
<220> 

<221> modi fie debase 

<222> (7).. (7) 

<223> 5-methyl cytosine 



<220> 
<221> 
<222> 
<223> 



modi f i ed_ba s e 
(9) (9) 

5 -methyl cytosine 



<220> 
<221> 
<222> 
<223> 



modif ied_base 
(11) . . (11) 
5-methyl cytosine 



<220> 
<221> 
<222> 
<223> 



modif ied__base 
(13) . . (13) 
5 -methyl cytosine 
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<220> 

<221> modified_base 

<222> (15).. (15) 

<223> 5-methyl cytosine 



<220> 

<221> modified^base 

<222> (17).. (17) 

<223> 5-methyl cytosine 



<220> 

<221> modified^base 

<222> (19) . . (19) 

<223> 5-methyl cytosine 



<220> 

<221> modified_base 

<222> (21) . . (21) • 

<223> 5-methyl cytosine 



<220> 

<221> modified__base 

<222> (23) . . (23) 

<223> 5-methyl cytosine 



<220> 

<221> modified_base 

<222> (25)., (25) 

<223> 5-methyl cytosine 



<220> 

<221> modified_base 

<222> (39) . . (39) 

<223> 5-methyl cytosine 



<220> 

<221> modified_base 

<222> (41).. (41) 

<223> 5-raethyl cytosine 



<220> 

<221> modified_base 

<222> (43) . . (43) 

<223> 5~methyl cytosine 



<220> 

<221> modified_base 

<222> (45).. (45) 

<223> 5-methyl cytosine 
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<220> 

<221> moclified_base 

<222> (47).. (47) 

<223> 5-methyl cytosine 



<400> 104 

gaattccgcg cgcgcacgcg cgcgcggagc gtacgctccg cgcgcgcg 



<210> 105 

<211> 15 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Reagent 
<220> 

<221> modified_base 

<222> (3).. (3) 

<223> 5-methyl cytosine 



<220> 
<221> 
<222> 
<223> 



modif ied__base 
(5) . . (5) 

5-methyl cytosine 



<220> 
<221> 
<222> 
<223> 



modif ied_base 
(7) . . (7) 

5-methyl cytosine 



<220> 

<221> modif ied_base 

<222> (9).. (9) 

<223> 5-methyl cytosine 



<400> 105 
tgcgcgcgcg gaatt 



<210> 106 

<211> 11 

<212> DNA 

<213> Artificial Sequence 



<220> 

<223> Olignucleotide used to generate products 

<400> 106 
tatctacaga g 



<210> 107 
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<211> 17 
<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



Oligonucleotide used to generate products 



<400> 107 
tatctacaga gtagtct 



17 



<210> 108 

<211> 23 

<212> DNA 

<213> Artificial Sequence 



<220> 
<223> 



Oligonucleotide used to generate products 



<400> 108 

tatctacaga gtagtctaat gac 



23 



<210> 109 

<211> 14 

<212> DNA- 

<213> Artificial Sequence 



<220> 
<223> 



Oligonucleotide used to generate products 



<400> 109 
cagcctctgt agat 



14 



<210> 110 

<211> 16 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Oligonucleotide used to generate products 

<400> 110 
ctcagcctct gtagat 



16 



<210> 111 

<211> 18 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Oligonucleotide used to generate products 

<400> 111 
ggctcagcct ctgtagat 



18 



<210> 112 
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<211> 42 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> GSH-Template (1) 

<400> 112 

gcctctgcga ccgttcggaa gcttcgcgag ttgcccagcg eg 42 

<210> 113 

<211> 42 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> MLF-template (2a) 

<400> 113 

gcctctgcga ccgttcggga attccgcgag ttgcccagcg eg 42 

<210> 114 

<211> 18 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> Primer 1 

<400> 114 
gcctctgcga ccgttcgg 

<210> 115 

<211> 18 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Primer 2 

<400> 115 
cgcgctgggc aactcgcg 

<210> 116 

<211> 36 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Phenyl sulfonamide- template (3) 

<400> 116 

cgatgctagc gaaggaagct tccactgcac gtctgc 36 



<210> 117 
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<211> 36 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> MLF-template 

<400> 117 

cgatgctagc gaagggaatt cccactgcac gtctgc 



36 



<210> 118 

<211> 36 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Biotin-template (4b) 

<400> 118 

cgatgctagc gaagggaatt cccactgcac gtctgc 



36 



<210> 119 

<211> 15 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> Primer 1 

<400> 119 
cgatgctagc gaagg 



15 



<210> 120 

<211> 15 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Primer 2 

<400> 120 
gcagacgtgc agtgg 



15 



<210> 121 

<211> 36 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Chymostatin-template (5) 

<400> 121 

gcagtcgact cgaccggatc cggctacgac gtgcac 



36 



<210> 122 
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<211> 36 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> Antipain-template (6) 

<400> 122 36 
gcagtcgact cgacccagct gggctacgac gtgcac 



<210> 123 

<211> 36 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Biotin-template (4a) 

<400> 123 

gcagtcgact cgaccaagct tggctacgac gtgcac 



36 



<210> 124 

<211> 15 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Primer 1 

<400> 124 15 
gcagtcgact cgacc 



<210> 125 

<211> 15 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Primer 2 

<400> 125 15 
gtgcacgtcg tagcc 
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